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BOOGKESO KE LORD OR SKEW ARCH TESTS 


BY THE DIVISION OF TESTS, U. S. BUREAU OF PUBLIC ROADS 
Reported by G. W. DAVIS, Associate Engineer of Tests 


special design, early bridge designers assumed the 
stress distribution in skew arches to be similar 
to that in a symmetrical right arch. Rankine says: 

Skew arches are of figures derived from those of symmetrical 
arches by distortion in a horizontal plane. The elevation of the 
face of a skew arch, and every vertical section parallel to its 
face, being similar to the corresponding elevation and vertical 
section of a symmetrical arch, the forces which act in a vertical 
layer or rib of a skew arch with its abutments, are the same with 
those which act in an equally thick vertical layer of a symmetrical 
arch with its abutments, of the same dimensions and figure, and 
similarly and equally loaded.! 

“The angle of skew, or obliquity,”’ as defined by 
Rankine and still commonly accepted, ‘‘is the angle 
which the axis of the archway * * * makes with 
a perpendicular to the face of the arch. * * * The 
span of the archway, ‘on the square,’ as it is called 
(that is, the perpendicular distance between the abut- 
ments) is less than the span on the skew, or parallel to 
the face of the arch, in the ratio of the cosine of the 
obliquity to unity. It is the span on the skew which is 
equal to that of the corresponding symmetrical arch.’ 1 

Hool expressed a similar opinion, as follows: ‘‘Skew 
arches may be treated exactly as right arches, the span 
being taken parallel to the center line of roadway and 
not at right angles to the springing lines of the arch.” ? 

This assumed theory of design was apparently dis- 
credited when, on May 14, 1903, a Monier arch of 
considerable size and extreme skew collapsed under a 
trial test at Bendigo, Australia, with loss of life. The 
failure was sudden and unexpected and unlike those 
which had been recorded in the cases of similar arches 
in Kurope and elsewhere, in which signs of failure were 
visible long before the final collapse. The contractor, 
believing the failure to be due to faulty design, retained 
Wiis C7. een to determine the reasons for the collapse, 
and his report contains some valuable information. 
“Assuming the abutments to be immovable,” said Mr. 
Kernot, “which must be very nearly correct, as they 
are small in height, massive in section, and founded on 
solid rock, and that the arch was perfectly and uni- 
formly elastic, so that the stress in any given direction 
sould: be proportional to the change of dimensions, the 
following calculation was made. The arch was sup- 
posed to have been pressed down to a given small 
extent by its own weight, and the superincumbent load, 
and the consequent reduction in length of lines traced 
on its extrados in the positions AB and AC (fig. 1), 
were computed, the result being that the percentage of 
shortening in the direction AC was found to be almost 
exactly double that in the direction AB or in any line 

arallel to AB. Consequently, it followed that the 

eaviest stress in the arch was diagonally across from 
A to @, that the stress in the direction AB was only 
half as great, while that in the direction BD was found 
by an extension of the same calculation to be excessively 
small.’”’ $ | 

An investigation of the failure confirmed these com- 
putations. It was found that the abutment at the 
obtuse angle of the arch “had been absolutely pul- 


LSet evidence to indicate the necessity for 





1 A Manual of Civil Engineering, by W. J. M. Rankine, p. 429, sec. 295. 

2 Reinforced Concrete Construction, G. A. Hool, vol. III, p. 43, see. 22. 

3 The Stresses in Skew Arches, by W. C. Kernot, Engineering News, vol. 49, no. 24, 
June 11, 1903, p. 529. 
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verized though of good, strong concrete, thus bearing 
witness to the great local intensification of stress.” 
To overcome this unequal distribution of stress it was 
recommended that the mass of concrete in the abut- 
ment of the obtuse angle of the arch be increased, and 
that the arch ring Be thickened. The thickening 
reommended was from one-fourth to one-half the 
thickness computed for a right arch corresponding to 
a variation in the skew from 20° to 50°. 

The increased thickness was to diminish in all direc- 
tions until it vanished at a distance equal to one-fourth 
of the skew span. Similar provisions were made for 
the abutments. The acute angles of the abutments 
were also replaced by right angles. 

This failure added to the doubt which was already 
felt by some engineers as to the soundness of the 
theory of design which treated skew arches exactly as 





Fic. 1.—Plan of typical skew arch 


right arches except that the span was taken parallel 
to the faces of the arch and not at right angles to the 
springing line. As a result, a few tests have been 
made in recent years to determine the distribution of 
stresses in skew arches. C. R. Young‘ showed by 
means of india-rubber models that the generally ac- 
cepted aces was in error. Tests made by C. H. 
Spofford, of the Massachusetts Institute of Tech- 
nology, as well as a series of tests, using model con- 
crete arches, carried on under the direction of John 
R. Chamberlin, deputy highway commissioner of 
Ohio, and Clyde T. Norris, of Ohio State University, 
by P. H. Ellman, and W. Hartline, all tended to show 
that the resultant pressures of skew arches fell near 
the obtuse angle ot the arch. 


BUREAU TESTS MADE NECESSARY BY SKEW ARCHES PROPOSED FOR 
FEDERAL-AID HIGHWAY SYSTEM 


The lack of experimental data and the occasional 
necessity of using skew arches in peculiar locations on 
the Federal-aid highway system caused the Bureau 
of Public Roads to begin a series of tests in July, 1922. 
The information sought was the distribution and in- 
tensity of the abutment reactions and the amount of 
deformation of the arch ring along the springing line 
under uniform loads. It was hoped that the results 
would provide a more rational basis for design. 

The results have been encouraging, but the experi- 
ments may not yet be regarded as complete. ‘The 
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tests have been made on model concrete arches, one- 
quarter size, with skews of 15°, 30°, 45°, and 60°. In 
all, the span parallel to the faces has been uniformly 
7 feet; consequently the span at right angles to the 
springing line has been variable. Before it will be 
possible to formulate a mathematical basis for design, 
therefore, it will be necessary to make complete tests, 
(1) with the transverse width of the arch and the 
span at right angles to the springing lines constant 
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Fic. 2.—Detailed sketch of 30° skew arch. The structural details and dimensions 
for the 15°, 45°, and 60° arches were the same with the exception of the span at 
right angles to the abutments and the oblique length of the abutments 


and the skew variable, (2) with the transverse width 
of the arch and the skew constant and the span at 
right angles to the springing lines variable, and (3) 
with the span at right angles to the springing lines and 
the skew constant and the transverse width of the 
arch variable. All of these tests, moreover, should 
be made for various heights of rise. 


TENTATIVE CONCLUSIONS DRAWN FROM BUREAU TESTS 


As a result of the tests thus far made by the bureau 
the following tentatvie and general conclusions may 
be drawn. 

1. The vertical reactions varied uniformly from a 
maximum at the obtuse angle of the arch to a mini- 
mum at the acute angle. 

2. The increase of the vertical reaction at the obtuse 
angle of the arch varies directly as the angle of skew. 

3. The resultant pressures of both the horizontal 
and vertical components move toward the obtuse 
angle of the arch with an increase in the skew. 

4. The direction of the side thrust is toward the 
face of the arch at the acute angle and the intensity 
increases with the degree of skew. 


DESCRIPTION OF THE TESTS 


The mechanical difficulties of the tests resolved 
themselves into the development of a method of apply- 
ing uniform loads to the model arches and some means 
of accurately measuring the resultant vertical and 
horizontal reactions without movement of the arch 
under load. A preliminary test was made during 
the summer of 1923 on a 30° skew arch with abut- 
ments, using Kreuger cells to measure the abutment 
reactions and Berry strain gauges to measure the 
stresses in the arch ring. The results were unsatis- 


factory due to the difficulty of obtaining complete 
sets of readings on a number of Kreuger cells which 
was caused principally by poor impressions on some 
of the carbon films, and because of the variation in 
the Berry strain gauge readings due to the personal 
equation. These results were finally discarded and 
the successful tests were made as follows: 
The model arches tested, which were one-fourth 
full size, had skews of 15°, 30°, 45°, and 60°. All 
were 7 feet in span as measured parallel to the faces, 
1.4 feet in rise, 41% feet face to face, and 2 inches 
thick at the crown. They were made of mortar 
mixed of 1 part Portland cement and 3 parts Potomac 
River sand with a slump of 3 to 4 inches. The rein- 
forcement consisted of eighteen 14-inch deformed bars 
placed in vertical pairs parallel to the faces of the 
arch, 6 inches center to center, with ties, both hori- 
zontal and vertical around each pair, made of No. 16 
iron wire spaced 12 inches center to center. (Fig. 2.) 
All arches were cut off at the springing line and a 
base or abutment with a squared section 4 inches on a 
side and reinforced with two 1%-inch deformed bars 
was cast as an integral part of the arch rings. Steel 
bearing plates were cast in place in the base at those 
points at which reactions were to be measured. 


UNIFORM LOAD APPLIED BY SPRINGS 


Uniform loads were applied on 42 symmetrically 
placed loading points on the arch ring by compressing 
helical springs 5 inches in diameter and 7 inches high, 
of a uniform compressive strength (within 2 per cent) 
of 915 pounds per inch. Forty-two vertical struts of 
ganch pipe bolted at their upper ends to a cribbing 
of I-beams took the vertical thrust. This cribbing was 
supported by a heavy beam directly over the experi- 
mental arch, and the carrying beam was, in turn 


‘supported at each end by a 2-inch bolt which engaged 


a steel yoke bolted to the webs of two upright channel 
irons anchored to the floor and separated from each 
other by a space sufficient to clear the overhead beam. 
By this arrangement the entire cribbing could be 
raised or lowered by means of nuts running on the 
supporting 2-inch bolts. 

Approximately the entire desired load was applied 
simultaneously by lowering the steel cribbing, thus 
doing away with possible cross stresses which might 
have been introduced had the load been applied by 
screwing down the springs one by one. Final fine 
adjustments were made by individual screw jacks 
at the top of each vertical strut. These jacks con- 
sisted of l-inch cap screws working through a nut 
forced into a coupling on the upper end of each pipe. 
The compression of each spring was measured by a 
fixed scale and a moving vernier actuated by a plunger 
inside of the strut. As the plungers rested at the 
center of the springs the compression measured was 
the mean compression of the spring. Scales and 
verniers read to hundredths of an inch or the nearest 
10 pounds of load. 

In the measurement of abutment reactions, pro- 
cedure was as follows: The entire arch was surrounded 
by a rigid frame of concrete and steel angles bolted to 
the concrete floor. One side of the arch was fixed, 
being supported at three points on blocking and a 
34-inch steel ball. Horizontal thrusts at the fixed end 
were taken up by blocking and spherical bearing 
blocks placed between the rigid frame and the arch. 
At the other end measuring devices were placed to 
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take both vertical and horizontal reactions in”positions 
symmetrical with the fixed supports and blocking at 
the anchoredend. (Fig. 3.) 

Measuring devices for determining the amount of 
reactions consisted of soil pressure cells actuated by 16 
to 1 lever arms. These lever arms consisted of a 
length of 25-pound rail resting on knife edges, the one 
at the load end resting on the floor and the other on 
the center of a soil pressure cell. These knife edges 
were 32 inches on centers. The load was applied 


ws 








Fic. 3.— Upper.—Showing rigid frame surrounding an arch and blocking and spheri- 
cal bearing blocks to take longitudinal thrust at fixed end of arch ~ ; 
Middle —Showing graphic strain gages on extrados and levers for measuring hori- 
zontal thrusts and vertical reactions 
Lower.—Showing graphic strain gages on intrados and levers and soil pressure gages 
for measuring vertical reactions 


through a 34-inch ball and clock-spring knife edges at 
a point 2 inches from the fixed knife edge thus giving a 
reduction of 16 tol. The area of diaphragm in the soil 

ressure cell being 10 square inches, it was possible to 
alance a 1,000-pound load by approximately a 6-pound 


alr pressure. 


MEASURED SIDE 





FIXED SIDE 


Fic. 4.—The intrados of the 60° skew arch showing the cracks which developed 
under final load of 60,000 pounds 


Hach soil pressure cell with its lever arm and knife 
edges was calibrated by placing it under the head of a 
testing machine under known loads. In place of the 
conventional pressure gauges used with the pressure 
cells for measuring soil pressures, a sealed monometer 
tube or mercury column was used and the readings in 
millimeters of the height of mercury column for each 
known load were recorded. [Expansion of the air and 


MEASURED SIDE 





FIXED SIDE 


Fic. 5.—The extrados of the 60° skew arch showing the cracks which developed 
under final load of 60,000 pounds 


mercury was controlled and the column brought back 
to a known zero by means of a jacket of ice water and 
the circulation was maintained by means of a rubber 
bulb. Several sets of readings were taken for each cell, 
the variation being negligible. The movement of the 
lever over the cell was found to be only 0.0004 inch, 
and the ratio of the lever arms being 16 to 1, the move- 
ment at the load point was obviously so small that the 
arch could be considered to remain stationary, which 
is one of the conditions sought in the tests. 

The deformations of the arch ring were measured by 
means of graphic strain gauges mounted at three points 
on the intrados and three points on the extrados on 
the measured side of the arch. These gauges were 
placed 61% inches above the springing line, one at the 
center and one on each side midway between the two 
outer loading points on each side and near the obtuse 
and acute aos respectively. 


TEST OF SIXTY-DEGREE SKEW ARCH 


The 60° skew arch was poured April 21, 1923, and 
loaded to destruction December 11 the same year, 235 
days after pouring. The total applied load was in- 
creased by increments of 4,200 pounds, equal to 100 

ounds on each spring, and the arch failed under a 
total load of 25.2 tons, equal to a spring load of 1,200 
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younds. At each application of load up to the sprin 
toad of 500 pounds, the vertical reactions and horizonta 
thrusts at the springing line were measured at the 
obtuse and acute angles and at the center. Beyond 
the 500-pound spring load they were not measured be- 
cause they create the capacity of the knife edges and 
measuring devices. The nature of the failure is shown 
in Figures 4, and 5. | 

Six test cylinders made at the time the arch was 
poured showed at the end of 125 days a mean breaking 
strength of 4,235 pounds per square inch and an aver- 
age modulus of elasticity of 3,370,000. 

The mean vertical reactions measured at the three 

oints are shown in Table 1, and in graphical form in 

Weure 6, from which it will be seen that, in each case, 
they vary uniformly from a maximum at the obtuse 
angle to a minimum at the acute angle. 


TaBLE 1.—Mean vertical reactions at three points of the 60° skew 
























































arch 
Mean measured vertical reactions due to applied load Varia. 
ee ; E = = tion o 
rhses ; | | | measured 
eatin 4 | | reaction 
load on | ree 
one-half | Obtuse angle Center Acute angle | Total rotioul 
of arch | applied 
e load 
Per ges | Per | Per 
Pounds |Pounds| cent |Pounds| cent |Pounds| cent |Pounds| cent | Percent 
2, 100 1, 365 70 550 28 40 2 1, 955 100 6.9 
4, 200 2, 880 69 1, 225 | 29 65 2 4,170 100 =i 
6,300 | 4,360 68 | 1,945 30 110 2\ 6,415 | 100 1.8 
8, 400 5, 940 67 2, 820 32 130 1 8, 890 100 5.8 
10,500 | 7,780 69 | 3,470 | 31 tb oe ee 11, 330 100 7.9 
(TO a mn i ea, BO) eek 1 ae pe. 100 i265 




















The mean horizontal thrusts are shown in Table 2 
and also in Figure 6, from which it will be seen that 
the average thrust at the obtuse angle is approximately 
63 per cent of the live load aoted! while at center it 
is only approximately 4 per cent. The thrust at the 
acute angle decreases from 2.3 per cent of the live 
load under a theoretical load a 2,100 pounds to a 
negative thrust equal to 0.3 per cent of the live load 
under a rheoeatice! load of 10,500 pounds. 


TABLE 2.—Mean horizontal thrusts at three points of the 60° skew 












































arch 
Mean measured horizontal thrusts due to applied load 
hae Meas- | Obtuse angle Center Acute angle Total 
retica 
applied | has : if peril te ¢ a 
carn | cal re- | Rela- Rela- | Rela- | Rela- 
payee | action | tion to tion to | tion to tion to 
pide, Ynrnet | Meas- Im meas- } meas- ‘ | meas- 
| Thrust | ured Thrust ured Thrust ured Thrust ured 
| Teac- reac- reac- | reac- 
tion tion | tion _ tion 
= | ee ee SS ees eee ee 
| Per . 
Pounds | Pownds | Pownds | Per cent|Pounds| cent | Pounds | Per cent| Pownds | Per cent 
2,100 | 1,955 | 1,260 64. 4 80 4.1 | 45 23 1,386 | 70.8 
4,200} 4,170] 2,610| 63.0] 175] 4.0} 60 1.4 | 2,845 68. 4 
6,300 | 6,415 | 3,775) 59.0] 255| 40 25 .4| 4,055 63. 4 
8,400 | 8,890| 5,300) 596| 455] 65.1 a heen Se 5,750} 64.7 
10, 500 | 11,330 | 7,665 | 67.7| 560) 4.9| -30| —.3| 8195} 72.3 
At een eee oe cy ie eae ee i a ie 67.9 


























The variation of the total measured reaction from 
the theoretical applied load as shown in Table 1 is 
wade se due to inaccuracy in the application of the 
oad rather than to errors in the measured values. 
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15° SKEW 


Fic. 6—The amount of the vertical and horizontal reactions at the obtuse angle, 
center, and acute angle of the 15°, 30°, 45°, and 60° skew arches with no applied 
load and applied loads at increments of 2,100 pounds 


This is apparent from the close agreement in the 
measured values themselves as indicated in Table_3. 
The strain-gauge readings on this arch were erratic. 
It has since been found that this was due to the turning 
of the gauges in the bearing points when the smoked- 
glass slides of the strain gauges were moved up to a 
new position. Although the recorded deformations 
were not consistent for equal increments of load, the 
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Fic, 7.—Stresses computed from strain-gage readings on the extrados and intra- 
dos of the 15°, 30°, 45°, and 60° skew arches for several increments of load 


relative stresses checked the reactions as recorded, from 
four to five times the deformation shown at the acute 
angle being recorded at the obtuse angle. The stress 
inidivated in the intrados at the obtuse angle under a 
total load of 16,800 pounds was BEDE Bs? 650 
pounds per square inch as against 130 pounds per 
square inch at the acute angle. (See fig. 7.) 


TABLE 3.—Varialion in measurements of vertical reactions and 
horizontal thrusts on the 60° skew arch 


— oe a 














i 
: . peas Horizontal 
| . | Vertical reactions thenete 
| Theo- | _ re 
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| one-half | ber of | variation, ber of | variation 
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| *| ings mean ings | mean 
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Pounds Per cent | | Per cent 

2, 100 13 a i 4 8 

4, 200 13 oO | 13 | 9 

6, 300 8 5 | 8 | 3 
| 8,400 6 5 6 | 7 
' 10, 500 4 2. 0 4 | 2 
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TEST OF THIRTY-DEGREE SKEW ARCH 


The 30° skew arch was poured December 15, 1923. 
The loading and set-up for the test, the points at which 
the reactions were seal and the relative positions of the 
strain gauges were the same as in the test of the 60° 
arch. In this case, however, the rotation of the strain 
gauges was prevented by placing wooden wedges 


. between the body of the gauge and the arch. 


It was shown by the tests of the 60° skew that the 
thrust is diverted toward the obtuse angle resulting in 
tortion or a tendency of the arch to swing on the abut- 
ments. This tendency of the arch to swing or rotate — 
causing the acute angle to pull away from the measuring 
device—was so great under all but small loads that 
ribbon knife-edges were thrown out of the vertical 
position and sheared. ‘To prevent the breaking of the 
knife-edges, 1t was found necessary to counteract this 
swinging tendency by fixed wedges placed against the 
face of the arch at the acute angle on the anchored end 
with a pressure cell and a 2 to 1 lever between the face 
and rigid framework at the acute angle at the measured 
end. 

Six sets of readings for the vertical reactions, hori- 
zontal thrusts, and side swings were taken with unit 
spring loads varying from 100 to 400 pounds. The 
mean vertical reactions, as measured at three points, 
are shown in Table 4, from which it is apparent that 
for the 30° skew 54 per cent of the load applied is 
transmitted to the obtuse angle of the arch, 34 per cent 
to the center, and 12 per cent to the acute angle. By 
reference to Figure 6 it will be seen that in this case, as 
in the 60° arch, the vertical reactions vary uniformly 
from a maximum at the obtuse angle to a minimum at 
the acute angle. 


TasBLe 4.—Mean vertical reactions at three points of the 380° skew 


















































arch 
er eee Ae | 
Mean measured vertical reactions due to applied load | Varia- 
tion of 
Theo- Sa a mca 
retical | Anuar 
applied eres 
load on VE yt 
one-half | Obtuse angle Center Acute angle Total watical 
of arch _ applied 
load 
| Per Per Per | Ler i 
Pounds | Pounds, cent | Pownds| cent | Pounds| cent | Pounds cent | Per cent 
2,100 | 1,100 54 685 33 260 13 | 2,045 100 2.6 
4, 2,305 55] 1,418 34 445 11 | 4,168 100 al 
6,300 | 3,455 54 | 2,245 35 690 11 6,390 100 1.4 
8,400 | 4,745 | 54 | 3,075 35 935 11 | 8,755 100 4.2 
if ee ee | ANE os i 4 AN Cl ee 100 Biienok eee 
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The mean horizontal thrusts for six sets of readings 
are given in Table 5, and the mean side thrusts in Table 
6. The variation in the reaction measurements are 
shown in Table 7. It is evident from the latter table 
that, in this test as in the test of the 60° skew arch, the 
principal inaccuracy is in the application of the load 
rather than the measurement of the reactions. The 
large percentage of variation in the side thrust under 
the first three loads is due to the small pressures. It 
should be noted that the fourth reading is more stable. 


TaBLE 5.—Mean horizontal thrusts at three points of the 30° skew 





















































arch 
Mean measured horizontal thrusts due to applied load 
Theo- Obtuse angle Center Acute angle Total 
retical ee ‘ 
applied | vorti- 4 py 
load on | oa} re- Rela- Rela- Rela- Rela- 
tg aptlon tion to tion to tion to tion to 
meas- | meas- meas- meas- 
Thrust ured Thrust! ead Thrust mrad Thrust me 
reac- reac- reac- reac- 
tion tion tion tion 
Per Per 
Pounds |Pounds | Pounds | Per cent|Pounds) cent |Pounds| cent | Pounds | Per cent 
2, 100 2, 045 1, 425 70 705 34 35 LT 2, 165 105. 7 
4,200 | 4,168 | 3,105 74 | 1,300 31 75 1.8 | 4,480 106. 8 
6, 300 6, 390 4,775 75 | 1,950 30 125 2.0 6, 850 107.0 
8, 400 8, 755 6, 335 72 | 2,710 | 3l 205 20 9, 250 105.3 
MOAT. . oles ucccnulasceeeis To. 6 | sere BLO Wezestese FL 106. 2 




















TABLE 6.—Mean side thrusts toward face of 30° skew arch at the 
acute angle 











Mean measured 
side thrust due 
Theo- to applied load 
retical Measured 
applied vertical 
load on Ei F 
one-half | Teaction : Relation 
of arch Side 10 | 
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reaction | 
Pounds | Pounds | Pounds | Per cent 
2, 100 2, 045 85 4 | 
4, 200 4, 168 295 a) 
6, 300 6, 390 510 8 
| 8,400 8, 755 785 9 | 
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TABLE 7.—Variation in measurements of -reactions on the 30° 























skew arch 
| | Maximum variation of any 
| ‘'Theo- sum from mean sum of 
| retical reactions 
applied 
aS oe 
one-half | ‘ Hori- - 
Vertical Side 
of arch ; zontal 
reaction thvinse thrust 
a ere, : 
Pounds | Percent | Per cent | Per cent 
| 2,100 | 4) 5 50 
4,200 | 3 4 2 60 
6,300 | 3 | 5 20 
8, 400 3 | 1 1 








_ The strain-gauge readings on this arch were con- 
sistent for equal loads, undoubtedly due to the wedging 
of the gauges which prevented the rotation of the gauge 
points. ‘Tension was found to exist at all three points 
measured on the extrados with a maximum at the 
obtuse angle of 138 pounds per square inch under a 
total load of 16,800 pounds. All three points on the 
intrados were eee to be in compression, with a 
maximum at the obtuse angle and a minimum at the 
acute angle. The maximum compression developed 


under a totalload of 16,800 pounds was 630 pounds per 
square inch. Figure 7 shows the mean values for 
various loads. Six test cylinders showed a breaking 
strength of 5,240 pounds per square inch and a mean 
modulus of elasticity of 3,813,000 at the end of 123 days. 


TEST OF FORTY-FIVE-DEGREE SKEW ARCH 


The 45° skew was poured April 24, 1924. Loading 
set-up and relative points at which reactions were 
measured and gauges [placed were the same as in the 
30° and 60° skews previously described. 

Thirteen sets of readings for vertical reactions, hori- 
zontal thrusts, and side thrusts were taken with unit 
loads varying from 100 to 400 pounds per spring. 
These are shown respectively in Tables 8, 9, and 10, 
which are similar to the corresponding tables for other 
tests. The accuracy and consistency of the measure- 
ments is indicated by Table 11. 


TaBLe 8.—Mean vertical eee E at three points of the 45° skew 
arc 
























































Mean measured vertical reactions due to applied load Varia- 
Theo- tion of 
retical | measured 
applied |. reaction 
load on aoe 
one-half | Obtuse angle Center Acute angle Total oe 
of arch retical 
applied 
load 
Per Per Per Per 
Pound | Pounds cent | Pounds) cent | Pounds) cent | Pounds| cent | Per cent 
2, 100 1, 305 65. 0 680 | 34.0 25 1.0 2,010 100 4.3 
4, 200 2, 660 65. 6 1,290 | 31.8 105 2.6 4, 055 100 3.4 
6,300 | 3,960) 644 1,920 | 31.2 275 4,4 6, 155 100 2.3 
8,400 | 5,365 64. 0 2,510 | 30.0 505 6.0 | 8,380 100 <2 
Menn ele cee ee GSe0 |S 4t ee SARA lye oe S00 core we 100 jlo eee 
TABLE 9.—Mean horizontal thrusts at three points of the 45° skew 
arch 
Mean measured horizontal thrusts due to applied load 
Theo- Waase Obtuse angle | Center Acute angle Total 
retical ne ‘ d 
applied | vorti- eet fe 
load on. | oa] re- Rela- Rela- Rela- Rela- 
aon ation tion to tion to tion to tion to 
- meas- meas- meas- meas- 
‘Thrust aired Thrust nred Thrust tad Thrust Tiveil 
reac- reac- reac- reac- 
tion tion tion tion 
7 
Per 
Pounds | Pounds | Pounds | Per cent Pounds| cent |Pounds | Per cent| Pounds | Per cent 
2, 100 2, 010 1,375 68. 4 260 12.9 65 3.2 , 200 84. 6 
4,200 | 4,055 | 2,830 69. 8 515 127 215 5.3 | 3,560 87.8 
6,300 | 6,155 | 4,240 68. 9 730 11.8 455 7.4 | 6,425 88. 1 
8,400 | 8,380) 5,730 68. 4 995 11.9 695 8.3 7, 060 88. 6 
Aiea oe soe enldeeeneee 680.05 .2 1 At iG ME ae: lee, Ae Se ae See 87,2 











TABLE 10.—Mean side thrusts toward face of 45° skew arch at the 


acute angle 





Mean measured 


Theo- side thrust due 


l to applied load 
ri ary Measured 
1 ae eri vertical 
one-half | reaction Relation 
of arch Side to 
thrust measured 
reaction 
Pounds | Pounds | Pounds | Per cent 
2, 100 2, 010 175 9 
4, 200 4, 055 410 10 
6, 300 6, 155 680 ll 
8, 400 8, 380 905 11 
IM 68h. Sad ccastioo! owabe wooed 10, 2 
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TABLE 11.—Variation in measurements of reactions on the 45° 




















skew arch 

Maximum variation of any 

Theo- | sum from mean sum of 

retical reactions 

applied | ee 

aA 
| one-half ; : Hori- . 

Vertical Side 

| of arch : zontal 
: reaction thrust thrust 
| Pounds | Per cent | Percent | Per cent 
i 2,100 ar. 7.2 15 
' 4, 200 Beg 8.5 14 
6, 300 3. 4 (fe 10 
8,400 1.2 3.3 | 9 











Test cylinders made at the time the arch was poured 
showed a mean breaking strength of 4,885 pounds 
per square inch at 90 days and a mean modulus of 
elasticity of 3,309,000. 

By the strain-gauge readings tension was found to 
exist at all points measured on the extrados with a 
maximum at the obtuse angle of 92 pounds per square 
inch under a load of 16,800 pounds on the entire 
arch. Compression existed at all three points on the 
intrados with a maximum of 260 Bonde er square 
inch at the obtuse angle under a total load of 16,800 
pounds. The strain-gauge readings were consistent 
and showed a distribution similar to the vertical and 
horizontal reactions. 


TEST OF FIFTEEN-DEGREE SKEW ARCH 


The 15° arch was poured on September 22, 1924. 
The set-up of loading and measuring devices as well 
as the location of the strain gauges was the same as 
in the previous cases. 

Eleven sets of readings were taken for vertical 
reactions, horizontal thrusts, and side thrusts with 
unit loads per spring from 100 to 400 pounds in 100- 

ound increments. These are shown respectively in 
Tables 12, 18, and 14, and the accuracy and consist- 
ency of the measurements is indicated by Table 15. 

Test cylinders at the end of 80 days showed a mean 
breaking strength of 5,060 pounds per square inch and 
a mean modulus of elasticity of 3,151,400. 
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TABLE 12.—Mean vertical reactions at three points of the 15° skew 



































arch 
Mean measured vertical reactions due to applied load Varia- 
* tion of 
ne / measured 
applied | | reaction 
load on ! aia 
one-half | Obtuse angle Center | Acute angle | Total ‘ial 
of arch ——— 
! applied 
! load 
Per Pon | Per | oP ia 
Pound | Pounds| cent | Pounds! cent | Pownds| cent | Pounds cent | Per cent 
2, 100 845 44.2 660 34. 4 410 21.4' 1,935: 100 | 8.8 
4, 200 1, 765 44.3 1, 355 35 0) 870 21.8 | 3,990 100 | 5. 0 
6, 300 2, 650 43.9 2, 070 34. 3 1, 310 21.8 | 6,030 100 4.3 
8, 400 3, 510 43, 2 2, 850 i), 1,770 AA Ff | 8, 130 100 © 34 
Mean... _|___.-__- a ee 1.) | et ee oS 











TaBLe 13.— Mean horizontal thrusts at three points of the 15° skew 























arch 
Mean measured horizontal thrusts due to applied load 
io se Niece Obtuse angle Center Acute angle Total 
retical | 
apuicd | ee | 
Iga OT |” al roe Rela- Rela- Rela- Rela- 
A in action i tion to ‘tion to tion to tion to 
0 d meas- ; meas- meas- meas- 
| Thrust Grad Thrust aod Thrust ured Thrust ed 
| reac- reac- reac- reac- 
| tion tion tion tion 
Per Per 
Pounds |Pounds |! Pounds | Per cent|Pounds| cent |Pounds| cent |Pounds | Per cent 














2,100 | 1,915 980| 49.5, 490] 24.8 330 16.7} 1,800 91.0 
4,200 | 3,990) 2,070| 51.9] 1,100/ 27.6 625} 15.6} 3,795 95. 1 
6,300 | 6,030/ 3,200; 53.1/ 1,780) 295! 1,005| 16.7]! 5,985 99.3 
8,400 | 8,130! 4,330) 53.3) 2,540) 31.3| 1,495| 18.4] 8,365] 103.0 


Mcanees. van meeeeer os ose Pie ieeasse5| 2000 (oases es 1G: Oeleaence 97.1 












































Strain-gauge readings gave practically a straight 
line distribution under all loads and showed tension on 
the extrados. and compression on the intrados. 
Maxima were found at the obtuse angle in both cases 
and showed a maximum tension of 138 pounds per 
square inch and a maximum compression of 378 pounds 
per square inch under a total load of 16,800 pounds on 
the entire arch. It is not believed that a diréct com- 
parison of stresses as measured in the arches of various 
skews would be of value, due to varying temperatures 
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Fig. 8.—Mean vertical reactions of the 15°, 30° ,45°, and 60° skew arches and a right arch. The figures represent the mean of reactions corresponding to an increment 
of load of 2,100 pounds on one-half of the arch 
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TABLE 14.—Mean side thrusts toward face of 15° skew arch at the 
acute angle 
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Fic. 9.—Plan of skew arches and dimensions of arch rings at right angles to the 
abutments. The shortening of the arch ring increases with the degree of skew 


existing during the periods in which tests were made. 
The distribution of the recorded stresses is, however, a 
check on the recorded reactions for the various arches. 
figure 7 shows the strain-gauge readings for the various 
arches. 
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Fic. 10.—Mean horizontal reactions of the 15°, 30°, 5°, and 60° skew arches. 
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60° 3 nee. | | to applied load 
ae ‘oplied (Measured: - -_ 
3'-6 te e vertical 
one-half | reaction | ; Relation 
of arch Side to 
thrust |measured 
reaction 
Pounds | Pounds | Pounds | Per cent 
45° SKEW : 2, 100 eib | = 30 7 
45 4, 200 3,990 | 295 di 
oy 6, 300 6,030 | 475 8 
4-4 8, 400 8,130 | 690 8 
Meainsc!..: se eee oe eee eo 
i 
TaBLe 15.—Variation in measurements of reactions on the 15° 
skew arch 
30° SKEW 
S00 
6 = 5, Maximum variation of any 
, Theo- sum from mean sum of 
retical reactions 
applied 
re ee 
= = ‘ one- . ori- ° 
by 6 seis = farchi Vertical fal Side 
Ss 94 of are zonta 
E : = reaction | thryst | thrust 
Q ~ Ss 
<x 15 SKEW rs} : =e 
<= 15 
: Pounds | Percent | Percent | Per cent 
6'-9% 2, 100 4.3 7.6 35. 0 
4, 200 0 7.0 22.0 
6, 300 208 6.9 29. 0 
8, 400 3. 0 5.0 1), 


COMPARISON OF THE TEST RESULTS ON ALL ARCHES 


Vertical reactions.—A comparison of the vertical 
reactions for the right arch and the 15°, 30°, 45°, and 
60° skew arches is shown in Figure 8. Values used 
for the right arch are theoretical values; those for the 
skew arches are measured values. Vertical ordinates 


as plotted are mean increments due to successive loads 
of 100 pounds per spring or an increment in load of 
2,100 pounds on one-half of the arch. Comparisons 
are made at the obtuse angle, the center, an 
acute angle. 


at the 
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The figures represent the mean of reactions corresponding to an increment of load of 2,100 


pounds on_one-half of the arch 
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Fic. 11.—Mean side thrusts toward the face of the arch at the acute angle of 
the 15°, 30°, 45°, and 60° skew arches. The figures represent the mean of 
oe corresponding to an increment of load of 2,100 pounds on one-half of 

e are 


From an inspection of Figure 8, it will be seen that 
the vertical reactions increase at the obtuse angle from 
one-third of the load applied for the right arch to 
two-thirds of the load applied for the 60° skew and that 
this increase varies uniformly as the angle of skew. 
At the center point the vertical reactions remain con- 
stant at one-third the load applied for the right arch 
and all the skew arches. At the acute angle vertical 
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from theoretical thrusts for a right arch of 7-foot span 
directly as the cosine of the angle of skew causing the 
shortening. In order that a direct comparison of the 
horizontal thrusts might be made, the measured 
thrusts were corrected by dividing by a factor equal to 
the cosine of the angle of skew to bring all the readings 
to the basis of an arch with a barrel span of 7 feet, 
equivalent to that of the right arch. The comparative 
thrusts for the various skews are shown in Figure 10. 
It will be noted that the same general relationship 
exists as is shown for the vertical reactions. 

Side thrusts—A comparison of the side thrusts for 
those arches in which this force was measured is shown 
in Figure 11. No measurements were taken for the 
60° skew. The wide variation in the recorded results 
for the other skews makes any comparison approxi- 
mate, although in a general way it is apparent from 
Figure 11 that the side thrust increases eeetly with 
the corresponding increase in the angle of skew. It is 
also interesting that the differences in the average 
increments of side thrust due to 2,100-pound incre- 
ments of load varies from 25 pounds between 15° and 
30° to 30 pounds between 30° and 45°. This indicates 
that the side thrust increases almost directly with the 
angle of skew. The measurements made for the small 
loads are unreliable because of the difficulty of making 
accurate measurements of small loads. 

Strain-gauge readings.—There are some obvious 
deductions which may be made from Figure 7, although 
the strain-gauge readings are not measures of the com- 
parative stresses existing in the arches because of the 
wide variations in the readings caused by changes in 
temperature. The stresses are greatest in the arch 
ring adjacent to the obtuse angle of the arch and de- 
crease as the acute angle is approached. This fur- 
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Fic. 12.—Sections showing variation in abutment length and span ‘‘on the square”’ for right and skew arches of various skews with uniform width normal to the faces 
of the arch. The width of sections of right arch included within the measured arches is indicated by S. Section X Y W Z shows a type of arch in which there is 


no right section. This type was not included in the tests 


reactions decrease from one-third of the load applied 


‘for a right arch to practically zero (1 per cent) for a 


60° skew, this decrease varying uniformly with the 
angle of skew. It should be noted that the sum of the 
vertical reactions for any given arch equals the load 
applied within allowable limits (less than 6 per cent). 

orizontal reactions.—The model arches used in these 
tests were all built using the same arch ring with a 
7 foot span. As the degree of skew was increased, the 
actual barrel or span of the arch normal to the abut- 
ments was reduced to an amount equal to the span 
of the right arch times the cosine of the angle of skew, or 
in the ease of the 60° skew, a shortening of 50 per cent. 
(See fig. 9.) Theoretical thrusts for right arches of 
these shortened spans under the same loading vary 
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nishes a rough check on the measurements of the hori- 
zontal and vertical reactions. 


TESTS MUST BE CONTINUED 


In comparing the results for the different degrees of 
skew it must be remembered that the transverse width 
of the arch (4 feet 6 inches) and the length parallel to 
the face of the arch (7 feet) have remained constant, 
but the span at right angles to the springing lines has 
varied. This prevents an accurate comparison of 
results. Jfor example, consider Figure 12. For each 
one of the arches lines have been drawn normal to the 
springing lines from the obtuse angles. This resultsina 
section of right arch for each test case. The distance S 


(Continued on page 202) 
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EFFICIENCY IN CONCRETE ROAD CONSTRUCTION 


A REPORT OF OBSERVATIONS MADE ON GOING PROJECTS BY THE DIVISION OF CONTROL, BUREAU OF 
PUBLIC ROADS 


Reported by J. L. HARRISON, Highway Englneer 
Part I.—EFFICIENT PRODUCTION 


OR many years the construction of concrete pave- 
ments has been an important element in the 
volume of highway work offered contractors. It 

has also been a large and a growing item in the improve- 
ment of city streets and alleys. Probably no figures 
which purport to give the volume of this work are 
absolutely accurate, for the very multiplicity of the 
sources Fas which such figures must be collected 
renders absolute accuracy difficult of attainment. 
However, there is no reason to doubt that recent 
statistics which show that concrete pavements are 
now being produced at the rate of about 92,000,000 
square yards a year and at a gross annual cost in the 
neighborhood of $250,000,000, fix the order of import- 
ance of this element in the paving contractor’s work 
with sufficient accuracy to justify the statement that 
it constitutes an extremely large item in the highway 
construction field. 

There can be no doubt that any construction field in 


of all necessary operations as it is on the elimination 
of all that are unnecessary. It urges the contractor 
toward greater thought in planning and arranging 
his work and finally 1t imposes on those in charge of 
maintenance the requirement that whatever is built 
shall be so cared for as to yield the greatest service 
to the community. 

Efficiency in the construction of highways is, then, 
only a part of the greater field of efficiency in highway 
development and maintenance, and efficiency in the 
construction of concrete surfaces is but a part of the 
whole highway construction field. Still, the savings 
which would result from full efficiency in this field are 
so large that they justify the annual expenditure of 
considerable sums of money in research and investiga- 
tion if thereby approach can be had to complete effi- 
ciency. The current difference between ordinary 
practice and full efficiency will be appreciated when it is 
known that the studies made by the Bureau of Public 


which this enormous sum 
is spent annually ought to 
be the subject of constant 
study. This is true with- 
out regard to what the 
field may be, for research 
and investigations are like- 
ly to prove quite as profita- 
ble here as they have in 
such fields as the physical 
sciences, and in such indus- 
tries as the manufacture of 
automobiles. Highways 
of all sorts are now all but 
exclusively financed by, 
and constructed under the 
direction of governmental 
agencies with the result 
that in this field there is a 
direct relation between effi- 
ciency and the tax burden 
which makesit particularly 
important that constant 
effort be made through re- 
search and investigation 
to develop efficiency. 
Kficiency is a broad 
term. Full efficiency in 
the highway field would 
beg at least as early as 
the selection of the routes 
to be improved. It sug- 
gests the development of 
the principles governing 
location. It dictates that 
the designing engineer shall 
consider the effect of his 
plans and his requirements 
on the cost of construction 
as well as on the probable 
adequacy of the finished 
structure. Itisasinsistent 
on the proper performance 
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Studies made by the Bureau of Public Roads indicate 
that there are few concrete paving projects on which the 
average daily output can not be increased 25 per cent. On 
many jobs the output can be increased 50 to 100 per cent, 
and this can be accompanied by some reduction in both 
the amount of labor and equipment employed. 


Full production on a concrete paving job is 48 batches 
an hour. By whatever amount a contractor fails to reach 
this standard he is failing to reach full efficiency in pro- 
duction, assuming that the specifications require a one- 
minute mix. 


The mixer is the bottle neck on every concrete paving 
job. No matter what material supplies are available, what 
correlated equipment is on the job, what skilled labor is 
available, nor what other conditions may prevail, be they 
ever so favorable, the mixer sets a rigid limit on production 
which can not be honestly avoided. 


To reach full production it is imperative that the dis- 
charge be opened and the skip started up at the same 
instant. 


There is an average lag of 5 seconds in charging the mixer 
after the skip reaches the vertical position, and a lag in 
discharging which averages 2 seconds. The discharge lag 
partly offsets the charging lag and the difference should 
be added to the mixing time. 


A slow, indifferent, or incompetent mixer operator may 
casily lose $35 a day on a job with a daily pay roll of $200. 


Loss of time due to mixer trouble averages about 5 per 
cent and runs as high as 10 per cent. <A contractor with a 
daily pay roll of $200 may lose from $2,000 to $4,500 a 
season from this cause alone. Careful maintenance of the 
mixer pays. 

Long lines of 2-inch water pipe are a ‘“‘hang-over” from 
the days of the 3-bag mixer. The high pressure necessary 
to force water through them bursts hose, splits pipe, opens 
joints, and springs the valves on the mixer. Leaky valves 
are probably the outstanding cause of nonuniformity of 
consistency. Three-inch pipe will carry an adequate water 
supply at reasonable pressure and reduce water troubles. 


_ Delays due to lack of prepared subgrade and slow de- 
livery of materials due to inadequate truck supply and 
other causes are inexcusable on a well-managed job. 


Arbitrary interference by inspectors and abuse of dis- 
cretionary clauses in specifications were the cause of 
considerable loss to the contractor on more than half the 
jobs studied by the bureau. 











Roads indicate that there 
are very few projects on 
which the average daily 
output can not be increased 
25 per cent, that on many 
it can be increased from 50 
to 100 per cent, and that as 
this can be accompanied 
by some reduction in the 
amount both of labor and 
equipment, the labor ex- 
pended per mile of pave- 
ment laid, can, in general, 
be reduced by perhaps 50 
per cent, and charges for 
depreciation of equipment 
by an even greater amount. 
- The series of articles, of 
which this is the first, is 
based on extended field 
studies of going projects by 
the division of control of 
the Bureau of Public Roads. 
In these studies it has been 
the purpose to determine 
what efficiency contractors 
at present secure, what 
causes prevent the securing 
of full efficiency, the degree 
to which these causes inter- 
fere with full efficiency, and 
how they can be remedied. 
Finally, having determined 
these facts in what has ap- 
peared to be a satisfactory 
manner, the effect on pro- 
duction of climinating the 
ascertained causes of low 
efficiency has been tried on 
a number of projects with 
results that have quite sat- 
isfactorily confirmed the 
accuracy of the studies. 
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FULL PRODUCTION 48 BATCHES AN HOUR 


What is full efficiency? In this series of articles it 
will be assumed that it is measurably secured when a 
100 per cent output is obtained from a_properly- 
equipped job with a crew of proper size. ‘There are, 
then, a number of distinct fields in which efficiency 
must be attained before full efficiency is secured. To 
clarify this statement a little, it may be suggested that 
when a 100 per cent output is obtained with a 150 per 
cent working force the work is obviously not per- 
formed with full efficiency. Similarly, to obtain a 
perfect output with a working force of correct size but 
with a plant which represents an investment 50 per cent 
in excess of reasonable requirements is not to attain 
full efficiency. Any discussion of efficiency must deal 
then, if it is to be complete, not only with production 
but with labor requirements and with equipment as 
well. But, because production is at once the point of 
easiest approach to the general problem in hand, and 


the point at which current practices most clearly show @& 
their failure to reach full efficiency, this phase of the ™ 


general problem was the first studied and will be the 
first discussed. 

At this point it may be well to raise the question, 
what is full production on a concrete paving job? 
The answer will be given categorically: 48 batches an 
hour—1 batch every 75 seconds. By whatever amount 
a contractor fails to meet this standard he is failing to 
reach full efficiency in production, assuming, of course, 
that the specifications require a l-minute mix. If a 
144-minute mix is required, one batch should be 
obtained every 90 seconds, and if a 144-minute mix is 
required, one batch should be obtained every 105 
seconds. The 114-minute mix, then, reduces output to 
40 batches an hour, and the 114-minute mix to slightly 
over 34 batches an hour. As, for reasons that will 
later appear, these reductions in output are not accom- 
panied by equivalent reductions either in daily pay 
roll or in plant investment, any State, county, or 
municipality using one of these longer mixing periods, 
should have very conclusive data at its disposal if it is 
to justify the additional unit cost of pavement laid, 
which it must expect to pay. 

Because of this fact, and because the current tend- 
ency, which is governed by recent tests, seems to be 
to standardize on a l-minute mix, the discussions 
which follow will be based on a mixing period of that 
length. It should not be forgotten, however, by those 
interested in obtaining the highest standards consistent 
with reasonable cost, that current practice in testing 
concrete to determine the proper time of mix, the 
proper consistency, etc., is much at fault in that it 
examines the material discharged from the mixer, or 
as deposited on the subgrade, rather than the material 
in place and finished. Between the discharge from 
any really modern mixer and the final belting, the 
mixed material is poured into a large bucket, dumped 
upon the subgrade, shoveled, tramped over, etc., by 
the puddlers, and smoothed or tamped by a modern 
fisting machine. The subgrade absorbs some of 
the water content and some evaporates. All of these 
operations tend to work the concrete more completely, 
and particularly to distribute and correct the water 
film with the result that the material which the belt 
leaves as a completed slab often is by no means the 
same material which was discharged from the mixer 
perhaps a half hour before. 


OPERATIONS INVOLVED IN PRODUCTION OF A BATCH 


Returning now to the production standard defined 
above—48 batches an hour—and with the fact in mind 
that this standard is based on a 1-minute mix, the 
correctness of this standard may reasonably be ex- 
amined. The operations which must be performed in 
turning out a batch of concrete are as follows: 

1. The skip must be loaded. This can be done while 
the“previous charge is being mixed. Under the some- 





For full production the discharge must be opened when the skip is started up 


what antequated system which requires that the 
cement be brought to the job in sacks and there piled 
along the road, the operation of dumping the cement 
into the skip will sometimes take longer than mix- 
ing the batch. Of course this method of handling 
cement is as obsolete as are all other purely manual 
methods, but if it chances to be the method in vogue, 
men who are strong enough and active enough to do 
this work within the time available should be put 
onto this work. Ordinarily, however, handling the 
cement does not prevent charging the skip within the 
time available for this purpose, generally from 40 to 
50 seconds. 

2. The skip must be raised to a vertical position for 
the purpose of dumping the batch into the drum. 
On a modern mixer in reasonably good condition this 
operation takes from 9 to 10 seconds, during which 
period the material in the skip is discharging into the 
mixer only during the last 114% to 2 seconds. 

3. The material in the skip is never fully discharged 
when the skip reaches the vertical position and sets 
the timer. ‘The better modern mixers sometimes dis- 
charge the skip in as little as 3 seconds after it is in 
vertical position, if the sand and coarse aggregate are 
dry; but under ordinary working conditions they tend 
to require from 4 to 5 seconds, running a little over 5 
seconds if the aggregate is wet enough to moisten the 
cement appreciably. A recently developed 6-bag 
mixer quite generally shows a lag in the skip dis- 
charge which runs over 15 seconds—one bout 
minute—and an old-fashioned 8-bag mixer, of which a 
few are still in use, has been found sometimes to take 
as much as 40 seconds to transfer all of the charge from 
the hopper into the drum. As there are a number of 
stealer (5-bag) pavers which will discharge the skip 
in from a little under 4 to a little over 5 seconds and 
which, under ordinary working conditions, will regu- 
larly discharge within 5 seconds after the skip reaches 
a vertical position, this period is considered standard 
for the lag in charging as mixers are now designed. 
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4. The mix must be retained in the drum the full 
specification period, here assumed to be 60 seconds. 

5. Every mixer should have on it some device for 
timing. A timer which rings a bell at the completion 
of the mixing period is the one most commonly en- 
countered. When the bell rings the operator must 
move the discharge lever and the discharge mechanism 
must open the discharge before material appears in the 
discharge chute. These operations generate a lag, 
partly due to the fact that no human being reacts in- 
stantly to any ordmary stimulus and partly to the fact 
that it takes time for the mechanism to work. Two 
seconds seems to be about the bottom limit for this 
lag, which is termed the discharge lag. Three seconds 
is & more common average; and sometimes it runs as 
high as four seconds. The lag in discharge tends to 
offset the lag in charging, but can not reasonably be so 
treated if it is not a uniform lag. Thus a lag which 
for successive batches is found to be 2.7 seconds, 3.2 
seconds, 2.8 seconds, 3 seconds, 8.1 seconds, 3.3 sec- 
onds, etc., over long periods might reasonably be treated 
us a 3-second lag, though the amount by which this lag 
exceeds 2 seconds is due entirely to a ue reaction on 
the part of the operator; but a lag reading 1.9 seconds, 
3 seconds, 2 seconds, 4.2 seconds, 2 seconds, 2.2 seconds, 
5 seconds, 2.1 seconds, 4 seconds, 3.1 seconds, etc., 
would appropriately be treated as a 2-second lag be- 
cause the part chargeable to the operator is not uniform. 

6. Finally the mix must be discharged. A wet mix 
can be quite thoroughly discharged from a good mixer 
in as little as 8 or 9 seconds, but there 1s no mixer now 
on the market which will make a complete discharge in 
less than 10 seconds, if the consistency is such that it 
meets present requirements as to slump. ‘This is, in a 
— way, caused by inadequacy of bucket capacity. 
Concrete having a slump of about 1 inch flows slowly 
in the chute and piles up in the bucket with the result 
that as the bucket fills, the discharging concrete finally 
backs up into the chute, preventing complete discharge 
within any reasonable period. To complicate matters 
further, all mixers dribble a good deal. <A recently 
designed 6-bag mixer will often take well over 20 sec- 
onds to complete the discharge. Some of the older 
mixers take quite as long, a few longer.. A full batch 
mixed to proper consistency can, however, be regularly 
discharged from most of the standard (5-bag) pavers in 
10 seconds if the charge in the drum is “built up” 
sightly, that is, if a part of the first batch is left in the 
mixer and the mixer is allowed to run that way. The 
quantity required is small—just enough to force a full 
rate of discharge during the whole of the discharge 
period. As, under full efficiency, a new batch is han- 
dled every 75 seconds, there is no practical disadvan- 
tage in this as the quantity of material appearing in 
any batch which could possibly have been in the mixer 
over 15 minutes would be too small to be of any im- 
portance whatever. The discharge time may, there- 
fore, be kept within 10 seconds even when a mix of 
proper consistency is being produced. 


SIMULTANEOUS CHARGING AND DISCHARGING NECESSARY FOR 
FULL PRODUCTION 


The full-production mixing time with all specifica- 
tion requirements met may then be calculated as fol- 
lows: 


Specification mixing time, seconds_____________________- 60 
LoS. I, CUATRO SCC Oi Cc i) 
Simultaneous raising of skip and discharging, seconds____.. 10 

‘etal seatnde@ o>... 1. [. eee 75 


Stated in this manner there is, however, no recogni- 
tion of the lags described above. It is therefore pre- 
ferable to state the cycle as follows: 





1. Specification mixing time, seeondse__- =_- -- =. =.= 2 60 

2. Lag in, chargimeyaaecOngls— = Senet 9 Se SS 5 

3. Less lag.in dischange, seconds. = 2-24, 2 

4. Net lag as affecting timer, seconds__.._.._____._.-_--_- a 
Normal setting of timer, seconds....____.___.___--- 63 

5. Lag in dischange, seconds ceusseee es lo- 2). eee 2 

6. Simultaneous raising of skip and discharging, seconds___ 10 
Total mixing cycle, seconds Do eee 75 


It will be observed that m order to reduce the mixing 
cycle to 75 seconds the skip must be started up at the 
same instant the discharge is opened. As a matter of 
fact this is the only device available to the operator 
for regulating the length of the mixing cycle. Most 
mixers dribble their discharge enough so that even an 
experienced operator would have trouble in regulating 
the time of discharge by observation of the discharge 
itself. The time required for raising the skip is, how- 
ever, eens uniform and if aa operator is 
trained to open the discharge and start the skip at the 
same time, and to close the discharge as the skip 
reaches a vertical position, he has at once an adequate 
discharge time, an accurate measurement of the dis- 
charge time, and, if the lags in charging and dis- 
charging are correctly provided for, the correct mixing 
cycle. 

Two things may be observed here. The first is that 
where the mixer 1s so designed that 10 seconds is not 
an adequate period for discharge this system is not 
applicable. There are such mixers but they can not 
be reasonably considered in setting a standard of pro- 
duction. Such mixers may require an extra 5, 10, or 
even 20 seconds as their minimum mixing cycle. 
Mixers are not all alike in their efficiency any more 
than the operators who use them. But to obtain full 
production a contractor must have an efficient mixer 
and the above discussion will, it is hoped, assist him 
in determining which mixers are efficient. 

The second matter to be noted is that if the practices 
here outlined are followed the skip will be in a charging 
position and material will be flowing into the drum 
during from 114 to 2 seconds of the discharge period. 
This 1s of no consequence whatever, as the standard 
drum speed is about 15 revolutions per minute or 1 
revolution every 4 seconds. During this overlapping 
of the charge and the discharge—never in excess of 2 
seconds—the drum makes only half a revolution, so 
the material is not moved up and over in the drum 
enough to combine with any of the discharging material 
or to appear in the discharge chute. If the drum speed 
is so high that unmixed material is discharged, the 
contractor should reduce the drum speed. 


THE MIXER IS THE BOTTLE NECK OF THE JOB 


The mixer is the bottle neck on every concrete 
paving job. No matter what material supplies are 
available, what correlated equipment is on the job, 
what skilled laborers or how many are available, indeed 
no matter what other conditions prevail, be they ever 
so favorable, the mixer sets a rigid limit on production 
which can not be honestly avoided. This is so axio- 
matic that it naturally follows that the problem of 
securing full production becomes a problem of deter- 
mining the factors which are reducing the output of 
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TABLE 1.—Stop-watch studies of concrete road construction 


{Study No. 15 June 26, 1925. Weather fair. 




















































































































Time, 1 hour, from 1.36 to 2.36 p.m. Number of batches, 24] 
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Lost time due to improper mixer cycle=60. 8—57. 3=3.5 per cent. 


the mixer, what their order of importance may be and 
finally, how they may be eliminated. 

These factors have been determined in the bureau’s 
studies by making stop-watch readings on selected 
projects for an hour morning and afternoon each day 
over such a period as seemed necessary to obtain 
reasonably accurate data. Table 1 shows a record of 
this sort. These records, accumulated over a period of 
from two weeks to a month, tabulated and averaged, 
give a fairly complete picture of what the rate of pro- 
duction is and of why it is less than it ought to be. 
Table 2 gives the accumulation of hourly readings for 
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one of the jobs studied, the readings in line 12 being 


the averages taken from Table 1. 


Table 3 gives the 


final summary for a number of jobs, line 15 being the 
summary of Table 2. These three tables indicate the 
manner in which the data have been collected, tabu- 
lated, summarized, and averaged for use in deter- 
mining both for individual projects and for this work 
generally, to what extent production is below standard 


and what causes are producing this condition. 
typical job among those listed in Table 3 (for 
i see Table 2) shows as the average of 


fairly 


oreater 


etal 


fourteen 1-hour readings: 
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TABLE 3.—Accumulated summary of 21 time studies of going concrete paving jobs 
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1 In studies Nos. 11 and 12 the specifications called for a mixing time of 1}2 minutes. — 
2 In studies Nos. 13, 17, 18, and 19 the specifications called for a mixing time of 14 minutes. 
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loss of time amounting to 8.4 per cent. Under this 
heading are included such practices as dumping 
batches before the skip is raised, splitting batches, 
failure to move the mixer while it is mixing, slow reac- 
tion to the bell, etc. With an up-to-date mixer it is 
never necessary to do any of these things. If they 
are done the operator either has not been properly 
taught or is deliberately wasting time, or the power 
plant is so out of order that an expert repair man should 
be called onto the job at once. The observations made 
by the bureau’s representatives indicate that the gen- 
eral cause of delays of this sort is improper training of 
operators. Occasionally one is encountered who is 
naturally slow or indifferent, but it is more common to 
find that the operator has seen few jobs except the 
ones on which he has worked and that he does not 
appreciate that such practices as those here noted 
‘ee away a large amount of valuable time. 

On this particular job the combined effect of failure 
to overlap the charge and the discharge and of such 
items as dumping at the wrong time, splitting batches, 
slow reaction to the bell, etc., accounts for almost 12 
per cent of the working day. With a pay roll running 
in the neighborhood of $200 a day and a depreciation 
account of perhaps half that amount, neither of these 
being unusual on concrete paving jobs, the direct loss 
from these causes amounts to about $35 a day, a sum 
quite sufficient to justify the statement that a ‘‘cheap”’ 
mixer operator is apt to be about the most expensive 
man on the job. 


a 





The above summary resulting from a two-weeks 
study of a going project reveals typical construction 
conditions. Nearly 17 per cent of the working day 
in this case was being lost at the mixer. Nearly a 
fourth of this is chargeable to poor handling of the 
mixer. It will be observed that the timer on this job 
was not set to take care of the lag in charging. This 
is not an uncommon condition. Most contractors 
indeed and many engineers seem to suppose that the 
material in the skip is all transferred to the drum while 
the skip is being raised to a vertical position. That 
this is not the case can be determined readily by 
getting well up on the mixer and watching the dis- 
charge. As most specifications make it clear that the 
mixing time is the period between the moment at 
which the last of a aah enters the drum and the 
first is discharged, the contractor, in this case, was 
obtaining at least a 3-second advantage over the 
specification requirements but in spite of this, his 
operator was losing 3.5 per cent of the working time 
because of failure to overlap the charge and the dis- 
charge which together, as measured from the bell 
(this includes the lag in discharge), should not exceed 
12 seconds. 

It may be observed that while, as this job was being 
operated, the loss of time chargeable to the long mixer 
cycle amounted only to 3.5 per cent of the working 
day, its importance would have been somewhat in- 
creased had other losses been eliminated. In other 
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MIXER TROUBLE EXPENSIVE 


In this case mechanical trouble with the mixer 
accounts for delays aggregating about 5 per cent of the 
working time. As mixers wear out such delays tend to 
increase. They are small when the mixers are new, 
but even on new mixers the studies show that there 
generally is a little mechanical trouble. This appears 
to be due to the rigorous conditions under which 
mixers operate and to the fact that so many operators 
are trained on the job, rather than to any outstanding 
deficiency in design. But as the mixer wears out, 
mechanical troubles increase, and with their increase, 
the lost time mounts sharply. Five per cent appears 
to be about the average of losses due to this cause. In 
some cases they amount to upward of 10 per cent. 
Under the assumptions noted above, a 5 per cent loss of 
time amounts to about $15 a day and a loss of 10 per 
cent to $30 aday. If the mixer works 150 days during 
the year, losses accruing as a direct result of using 
equipment that is in poor condition will be seen to 
range from over $2,000 to $4,500 a year. The first of 
these is enough to pay for a new mixer in about three 
years, the second in less than two years. It is not the 
purpose here to go into the question of replacing old 
machines with new. Rather, it is the purpose to point 
out that where old or worn-out machines are in use this 
very fact will prevent full prodution. Some phases of 
the problems arising in connection with repairing and 
replacing machines will be discussed in another part of 
this series of articles, but it will be sufficient to remark 
here that as a matter of general observation, there is not 
enough attention given to the mechanical condition of 
the mixer, few contractors appearing to realize the real 
financial aspect of the constantly recurring small losses 
of time which develop when a worn-out mixer is being 
operated. 

On the job under discussion, the nondelivery of 
materials accounted for a loss of over 17.6 per cent of the 
working time. Part of this—13.6 per cent—is charge- 
able to inadequate truck supply, the balance to im- 
proper handling of the trucks. ‘This is a rather typical 
situation. As a matter of general observation, con- 
tractors are prone to provide inadequate facilities for 
the delivery of material. In the case in hand, the 
apparent truck shortage was 13.6 per cent, that is, with 
the truck supply available only 13.6 per cent of the 
working day, worth on the basis of ordinary pay roll and 
depreciation charges about $40, was being thrown away 
because of an inadequate supply of trucks, but the real 
situation was worse than this. Had the mixer losses 
been eliminated as well as the losses in time due to 
other causes, the amount of pavement laid would have 
been increased only by the 4 per cent chargeableto 
improper handling of the trucks, that is, to a little 
over 60 per cent of full production. In short, while 
lack of proper transportation was only costing this con- 
tractor some $40 a day as the job was being operated, 
the value of this loss would have been about $120 a 
day had the mixer been capable of normal production. 
It is hardly necessary to observe that the only appro- 
priate method of eliminating this loss is to supply the 
necessary trucks. Speeding up the trucks in use is not 
a proper solution, unless the speed at which they are 
operated is low, which is an uncommon condition. On 
the other hand, the correction of low efficiency in the 
operation of the trucks—an entirely different matter 
will often measurably improve the apparent truck 


supply. The transportation question is one of the 
most important with which the paving contractor must 
deal—too important to treat at length at this point. 
It is therefore reserved for further comment in the next 
of this series of articles. 


SMALL WATER PIPES CAUSE SERIOUS LOSS 


On this project the water supply caused a loss of 2 
per cent of the average working day. Shifting hose is 
the most common cause of such losses. Poor water 

ressure is also a common cause. This may be caused 

y using too small a pump, by slip in the pump, by 
too small a pipe line, line losses due to poor pipe con- 
nections, or to the use of too much water on other parts 
of the work. Where long pipe lines are used, contractors 
often try to improve the supply by putting in a booster 
pump. This results in high pressures which open 
joints, split pipe, and burst hose. It is not unusual to 
find that when the valves on the mixer and hose con- 
nections are closed, the pressure at the mixer rises to 
from 250 to over 400 pounds. Such pressures are de- 
structive and wholly unnecessary. Relief valves should 
be installed to protect the line and the valves in the 
mixer, but these are often omitted. Larger pipe should 
be used. The 2-inch pipe now in common use is a 


-“hang over’ from the days when the 3-bag paver was 


standard equipment. Instead of putting in a 3-inch 
line and having an adequate water supply with reason- 
able pressure and a reasonable wear and tear on the 
pumps, contractors are holding to the 2-inch lines 
much to their disadvantage, for water trouble has been 
found to be of common occurrence and a supply 
inadequate for the mixer and the various curing opera- 
tions the general rule. 

Where contractors have long lines of the now com- 
monly prevailing small sizes of pipe, some relief from 
the high pressures incident to pumping any considerable 
volume of water through these lines can be had by cutting 
the line and instead of using booster pumps, running 
the delivery from the first pump into a sump from 
which the second pump will draw its supply. A great 
deal of the trouble with short water supply is directly 
chargeable to line leakage and this, in turn, is chargeable 
in no small degree to high pressure in the line. With 
pressures commonly exceeding 250 pounds ordinary 
connections are opened, and all sorts of trouble resulting 
in leakage occurs. Even the valves in the mixer are 
sprung and the leakage which occurs here sooner or 
later becomes an obstacle to the regulation of the 
water content of the concrete produced. This is a 
serious matter, since the strength of concrete is ad- 
verscly affected by even a comparatively small increase 
in its water content. Moreover, variations in the water 
content have an adverse effect on the ease and rapidity 
with which the pavement is finished and make the 
production of a very smooth surface difficult. 

Where there is any considerable leakage the amount 
of water improperly reaching the interior of the drum 
varies with the pressure in the line and with the 
period between batches. As on all but the best- 
managed jobs both of these are highly variable, as soon 
as there is any considerable amount of leakage, real 
uniformity of consistency becomes quite unattainable. 
So really serious is this matter that it seems proper to 
suggest that, as mixers are now operated, this is the 
outstanding cause of nonuniformity of consistency and 
one of the most important causes of poor surface finish. 
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There is therefore very good reason for urging contrac- 
tors both in their own interest and in the interest of 
the States and municipalities for which their work is 
done, to install pipe lines of proper size, fitted with 
proper relief valves in order that thereby an adequate 
water supply delivered at a reasonable pressure may 
be insured. There is also reason to suggest that 
manufacturers install better and stronger valves in 
their mixers. 

Delay due to lag in finishing is not of common 
occurrence. Finishing machines are reliable mechan- 
isms and commonly give the contractor little trouble. 
The 4 per cent loss from lag in finishing recorded on 
this project is unusual. Occasionally a complicated or 
cumbersome process in finishing is required and in such 
cases there sometimes is a failure to keep the finishing 
up with the mixer. Sometimes too dry a mix is re- 
quired by the inspector. However, the current ten- 
dency is toward simplifying the finishing operations so, 
except where the inspection is too exacting, there Is 
seldom any difficulty encountered here. Incidentially 
it ay be remarked that the essence of rapid finishing 
is uniformity in consistency and a consistency of proper 
slump. Well-mixed concrete of the proper consistency— 
about 1-inch slump—put down by a modern sliding 
finisher may be depended upon to be of such uniform 
smoothness that one man with a long-handled float can 
finish any output obtainable from a standard mixer. 
This, of course, implies that the concrete shall be of 
uniform consistency as well as that it shall be of proper 
consistency and that the finishing machine shall be 
correctly operated. In short, there should be no losses 
of time due to finishing and if any are developing there 
is something wrong which should be easily corrected. 

Occasionally an inspector in his desire to obtain the 
driest mix possible will attempt to reduce the slump to 
14 inch or less. Whatever the theoretical result of such 
a practice may be, in increasing the strength of the 
concrete, the practical result under field conditions is to 
render the concrete extremely hard to work. With a 
slump as low as this, the finishing machine can not 
keep up with the mixer. Moreover, in at least two 
cases which have come to the attention of the writer, 
the finishing operation did not satisfactorily compact 
the bottom third of the pavement. Under field con- 
ditions there would, therefore, seem to be valid reason 
for maintaining a somewhat wetter mix than laboratory 
tests would indicate to be the most desirable. There 
is also to be considered the fact that the subgrade ab- 
sorbs moisture from the concrete and that some evapo- 
rates, as a result of which processes, the concrete as 
finally left by the finishing machine, particularly in hot, 
dry weather, often is visibly drier than when it left the 
mixer. If satisfactory production is to be secured, the 
finishing operation can not be unduly slowed down. 
There is, here, then, room for a good déal of practical 
study, for although it is important that the best pos- 
sible concrete be produced, it is also desirable that this 
be done on the basis of carefully collected data rather 
than on the basis of personal opinion, and that theo- 
retical considerations be not allowed to interfere with 
production unless it can be clearly shown that the re- 
sults to be obtained can and do justify this interference. 


DELAYS DUE TO LACK OF SUBGRADE AND OTHER CAUSES 


As with the finishing so also with the subgrade, if the 
crew is not doing its work rapidly enough to keep the 


subgrade in proper condition and so far in advance of 
the mixer as to entirely avoid delays from this cause, 
either the foreman in charge needs instruction, addi- 
tional men or equipment, or the job needs a new fore- 
man. There should be no excuse whatever for letting 
the preparation of the subgrade interfere with produc- 
tion at the mixer. 

Miscellaneous delays are of small consequence on 
this job. However, the list of them as affecting pro- 
duction a little here and a little there, not often but 
occasionally during a long season, is long. Special 
work at bridge structures falls in this category. Often 
specifications require a special treatment of the pave- 
ment at such points. This special treatment causes 
delay, generally only because it does not occur often 
enough so that the crew becomes familiar with the 
operations involved. Any new operation takes time 
because men not familiar with it hesitate to proceed 
lest a mistake be made. Most men working on a con- 
struction job do their tasks automatically. Many, if 
not most, feel confused if any judgment is required. 
No new or unusual task, no matter how simple, can be 
handled automatically and most such tasks for a time 
require at least a little judgment even on the part of 
the common laborers. For that reason, whatever is 
new or unusual is done slowly and output suffers until 
the operations involved are so well learned through 
repeated performance that they become automatic. 

“Waiting for reinforcing rods” is a minor delay 
typical of a whole series which may be classed under the 
general heading of ‘‘delays due to the failure to deliver 
minor materials.’’ Generally such delays are due to 
the failure of some foreman to keep track of the stock 
on the job but, if reinforcing material, parting strip, 
prepared joints, etc., are required, the lack of such 
materials at the site of the work is quite as effective in 
stopping production as the failure to deliver cement or 
sand or gravel. Laying a concrete pavement really is a 
manufacturing process. Modern manufacturing meth- 
ods do not depend for their success on large stocks. 
They depend, rather, on the maintenance of uniform 
balanced rates of delivery. This is as true of a concrete 
paving operation as it is of an automobile plant. Ma- 
terials are not stocked. They are ordered for delivery 
as needed and such stocks as are maintained are like 
the balancing tanks in a water supply—they absorb 
the delivery when it exceeds the rate of use and they 
augment the delivery when it falls below the rate of 
use. In the case of minor materials perhaps this is not 
as obvious as in the case of the materials of major im- 
portance, but the fact is that for all materials the rate 
of delivery at the mixer must harmonize with the rate 
of use at the mixer and any failure to attain such a treat- 
ment of the material supply, whether major or minor, 
is too disastrous to pass unnoticed. 

There also is a whole series of minor causes of delay 
not so easy to cover in a general statement, such as: 
Broken batch meter; getting the mixer under low 
electric wires; failure to dump all the batch into the 
skip; over-wet batches thrown away; water pipes frozen; 
and forms knocked down by trucks. In a general way, 
delays of this sort are due to accidents or to accidental 
conditions and as their causation can not be foreseen, 
they can not well be avoided. However, they are not 
a serious factor on most jobs but are mentioned because 
they illustrate the innumerable minor matters which 
interfere with securing full production. 
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THE DAMAGE DONE BY INEXPERIENCED INSPECTORS 


Finally no discussion of the causes affecting produc- 
tion would be complete without reference to the in- 
spector. He is a necessary, though, it must be regret- 
fully recorded, not always a favorable factor in the 
production problem. Generally he is a well-intentioned 
man who knows but little about the broader technical 
aspects of the work he is inspecting, very desirous of 
protecting the interests of those he represents, but not 
properly Fe to pass on the numerous technical 
questions that arise on any concrete paving job. He 
occupies a difficult position because, after all, the con- 
tractor’s primary desire is production, whereas the 
State’s primary desire is quality. The two are seldom 
in real conflict, for the best organized and most pro- 
ductive jobs generally do the best work; but high 
production requires a quick answer to any problem that 
arises and this, in turn, requires a broad knowledge of 
technical values or, in the effort to protect the interests 
of his employer, the inspector will find that he is need- 
al injuring the contractor. Without this broad tech- 
nical background, the inspector is apt to be further 
handicapped by the fact that he has little appreciation 
of the real nature of a going construction operation. 


Here he sees a few men, there a few more. At other. 


points he knows that others are working. He seldom 
realizes that what he is observing is a machine, the 
parts of which are so synchronized that to stop one 
part in effect causes all of the parts to stop functioning. 
Yet this is literally true. 

The modern concrete paving organization, when well 
developed, is as perfect a machine as a well-built auto- 
mobile. The subgrade gang is balanced to produce 
each day the subgrade that the mixer will use the next. 
The form-setting gang is balanced against the mixer 
performance in the same way. At the batcher plant 
the force is kept in harmony with the mixer’s utilization 
of material. The office keeps materials flowing in as 
they will be needed. In such a balanced production 
scheme—and this is the very essence of efficiency in 
production—the injection of any order that stops pro- 
duction at one point stops the whole machine as effec- 
tively as taking off a heal or pulling out the engine 
stops an automobile. To stop one gang is to stop the 
whole job. Worse than that, the time lost directly may 
be of less importance than the time lost indirectly. The 
writer watched one afternoon an irresponsible inspector 
while he tinkered with the water gauge on the mixer 
for a half hour in a misdirected effort to further reduce 
the slump of concrete which was already well within the 
specified requirements. The result was a series of 
batches so dry that the contractor had to stop the mixer 
for half an hour in order to finish them. This half 
hour’s delay was ubortant enough in itself, but 1t was 
a couple of hours before the contractor was able to get 
his organization to functioning again with its accus- 
tomed smoothness. 

Although arbitrary acts on the part of inspectors are 
serious enough, a larger trouble lies in the constant 
effort of many inspectors to inject new ideas into work 
on which they are engaged. Some one desires the sub- 
grade prepared in anew way. ‘The finish, it is thought, 
might be improved. The concrete might be mixed a 
Re drier. It would be improved if mixed a little 
longer. There are dozens of such requests. It matters 
not at all that the work now meets the specifications 
which are in force. If some one thinks that the 
product can be improved, the contractor will be urged, 


even forced, into making the desired change. He is 
told that the change will cost him nothing—may save 
him money—and will get better results. The point 
overlooked is that changing the practices on a going job 
requires more than an order. Men must be trained to 
perform the new duties properly, and the job may have 
to be rebalanced to meet the new methods. Often the 
contractor does not know how to train the men as he 
has never seen the new ideas in use. He, therefore, 
hesitates because he knows that such changes may 
involve large intangible losses, clear enough to him but 
hard to explain to an inspector. 

Of course, the time to decide on what methods and 
practices are to control on a construction job is when 
the specifications are drawn. Then, when the job is 
started, the interpretation which will be placed on new 
clauses or on any of the older clauses that may be in 
doubt should be made clear, and the practices that are 
to be required should be developed as the organization 
is brought into production. Thereafter all connected 
with the job should appreciate that while the contractor 
may request premission to use new methods the in- 
spector and, for that matter, the State, has no right to 
modify the requirements made on him, unless infraction 
of specific provisions or commonly accepted interpreta- 
tions of the specifications can be shown. 


ABUSE OF DISCRETIONARY CLAUSES IN SPECIFICATIONS 


The clause, ‘‘or to the satisfaction of the engineer,’’ 
and its various equivalents is often written into specifi- 
cations for the purpose of giving the engineers on 
discretionary power in the interpretation of clauses 
governing methods, tolerances, etc.; and if a contractor 
objects to an order or to a request, some clause of this 
sort is called to his attention. For this reason it seems 
advisable to remark in this connection that as a general 
legal principle clauses of this sort give engineers no 
authority to modify the plain intent of specifications 
defining methods, tolerances, etc., and that contractors 
are under no obligation to be governed by orders which 
make these clauses more than customarily rigorous 
or which increase the cost of the work. As an illustra- 
tion, if the specifications clearly state that ‘‘the slump 
shall not exceed 1 inch,” a clause of this nature can not 
be legally invoked to require a contractor to produce 
concrete having a slump of not more than half an inch. 
Similarly, if the specifications provide that ‘orregu- 
larity in the finished surface shall not exceed one- 
fourth inch when measured under a 10-foot straight- 
edge,’’ a clause of this character can not be lawfully 
invoked to require a contractor to remove areas that are 
only one-eighth inch high. If the contractor desires to 
use other than specified methods, etc., and the specifi- 
cations are not to be followed, then the discretionary 
clause gives to the engineer broad authority to require 
that Picwerc is done under these new methods shall 
be done ‘‘to the satisfaction of the engineer.”’ But in 
no event are such clauses blanket authorizations for the 
engineer to make such requirements as he may please. 

f it were possible to bring inspectors omen to a 
realization of the fact that their sole duty is to see that 
the contractor works within the specified limits, that 
they are not present to ‘improve the quality of the 
work,” or to make experiments at the expense of the 
contractor, the effect on production would be gratify- 
ing to many contractors. In Hepes! stop-watch 
studies on going projects it has seldom been possible 
to separate the effect of improper inspection from other 
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causes which perhaps also contributed to slow opera- 
tion. Sometimes the fact that an inspector’s order is 
responsible for a procedure that is causing delay has not 
developed until a good deal of the record has been 
taken. A case in point was a job where the records 
showed slow operation of the mixer. In general, the 
truck supply was adequate and the work well organized, 
but the mixer operator would not raise his skip until 
the discharge had been completed. This of course 
materialiy reduced his daily output. After the full 
record for this job was taken it was learned in a chance 
conversation with the inspector that he would not 
permit the contractor to produce over 40 batches an 
hour. There was no specification warranting such a 
limit on production. The inspector gave no reason for 
having imposed it. He merely asserted that he thought 
that production enough. Conditions of this kind as 
well as the possibility that there might be some differ- 
ence of opinion as to what is proper inspection, have 
prevented any general effort to separate the time lost 
through poor inspection, but some idea of the impor- 
tance of this element may be gained by the general 
statement that poor inspection has caused losses of 
some consequence on more than half the jobs on which 
the bureau’s representatives have made studies during 
the current season. It is not, therefore, a factor which 
can be ignored in a study of the causes influencing 
underproduction. 

In presenting these aspects of the inspection problem, 
the effect of improper inspection and of improper 
policies governing inspection have been dealt with at 
some length. It is, therefore, only fair to remark that 
it is not the purpose to advocate careless or indifferent 
inspection. Rather the quality of inspection should be 
improved. The point is that a legal and a moral pre- 
requisite is correct specification writing. If a State 
desires its concrete pavements finished to a maximum 
variation of one-eighth inch in 10 feet this can be done. 
It is perfectly proper that it require such accuracy of 
final finish and it is practically possible to obtain it. 
But it is not legally or morally proper to require such 
a finish under clauses allowing a one-fourth inch 
variation. Refinements in methods and the reduc- 
tion of tolerances increase cost. Inspection should be 
rigid and good work should be insisted on, but back of 
this there should be a clear specification setting forth 
what is desired so that the contractor may have a fair 
opportunity to estimate accordingly. 


SOME IMPORTANT GENERALIZATIONS 


The above covers the more important causes of low 
production. It would be possible with the data in 
hand to strike averages and to say that this or that is 
the most important factor in causing low production 
and to ascribe to it a percentage relation to the whole 
series of causes, but little could be gained by so doing, 
for each job is a separate problem and general averages 
have little relation to the specific conditions there 
prevailing. Studies such as those the bureau has 
conducted in this field do, it is true, warrant some 
generalizations. Mixer operators are, for instance, 
quite generally undertrained, with the result that few 
mixers show a proper mixing cycle. Transportation 
generally is inadequate. Often itis woefully so. Asa 


matter of observation it is apt to be poorly operated. 
The water supply also is generally inadequate; while 
the mixer is usually pretty well supplied, the quantity 
available for curing is commonly insufficient. This list 
could be extended but to do so has little value for the 
contractor whose problem is to improve production on 
his own job of necessity must realize that generalities 
and averages are a poor approach to the solution of his 
specific problems. It is well enough that he should 
know that mixers are seldom properly operated and that 
the truck supply is commonly inadequate, but before he 
can set about the correction of his own low production, 
he must have the facts as to specific conditions on his 
own job. These he should obtain just as they have 


been obtained for these studies by making stop-watch 


records over such periods as may be needed in order to 
clearly show what delays are occurring. With the 
fact clearly in mind that his job ought to be producing 
48 batches every hour, it is as simple a problem to 
determine what delays reduce the output to 35 batches 
as it is to measure the top of a desk with a 2-foot rule. 
For studies of this sort a stop watch is desirable, though 
they can be made with fair accuracy from the second 
hand of an ordinary watch. If contractors in this 
field would equip their timekeepers with stop watches 
and would require them to take an hour’s reading 
morning and afternoon, setting down the results as in 
Table 1, and summarizing them as in Table 2, the 
information obtained would be invaluable. 

Inspectors and superintendents should also be 
equipped with stop watches. This really needs no 
argument in its support. No inspector would be 
allowed to pass judgment on the dimensions of a bridge 
if the best rule he had was graduated only in feet. 
Neither would a superintendent be allowed to build 
a bridge with such a rule as his guide. Yet hundreds 
of inspectors and hundreds of superintendents con- 
stantly direct work to-day where seconds are valuable 
on the best guesses they can make from the second 
hand of an ordinary watch. It may be interesting to 
add that in the fastest job the bureau’s representatives 
have studied—the only job so far encountered on 
which the output was consistently maintained at 
above 90 per cent of full production—the superintend- 
ent had and frequently used a first-class stop watch. 





(Continued from page 193) 


decreases from 15° to 45° but at 60° is slightly greater 
than at 15°. It is supposed that the stresses in the 
right-arch sections will take the shortest course to the 
abutments, which is at right angles. The stresses in 
the triangular sections A # B and D C F will be trans- 
mitted with greater intensity to the obtuse angle of the 
arch. The result should be the greatest intensity of 
stress at the obtuse angle. 

On the contrary, suppose arches had been tested 
which included no right section as at X Y Z W, Figure 
12. It is possible in this case that tension might be 
shown to exist at the acute angle. This did not occur 
(except in negligible amounts) in the arches tested. 
For this reason it is evident that these tests include 
only a special condition of width of arch in relation to 
skew, and it is not possible to develop reliable mathe- 
matical formule from the existing data. 











203 


WIND RESISTANCE OF MOTOR VEHICLES 


A PROGRESS REPORT OF TESTS CONDUCTED BY THE KANSAS STATE AGRICULTURAL COLLEGE 
TION WITH THE BEREAU OF PUBLIC ROADS 


IN COOPERA- 


By L. E. CONRAD, Professor of Civil Engineering, Kansas State Agricultural College 


S A result of tests conducted during the past 
four years by the engineering experiment sta- 
tion of the Kansas State Agricultural College 

with the financial assistance of the Bureau of Public 
Roads, the resistance of wind at various velocities to 
a number of standard makes of motor vehicles has 
been measured and the relation between the wind 
resistance and relative velocity for these makes has 
been tentatively established. Both the total wind 
resistance and the resistance per square foot of the 
projected area of the vehicle have been determined for 
each of the makes tested; and from the results of the 
tests the horsepower required to overcome the wind 
resistance to each type of car has been computed. 

The equations representing the relation between 
wind resistance and velocity as derived from the ex- 

erimental data for each car are all of the parabolic 


orm expressed by the type P= CV2, in which P is the. 


wind pressure, V the wind velocity, Ca coeficient de- 
termined experimentally for each car, and @ is an ex- 
ponent also determined experimentally for each car. 

The form of the equation is the same for the total 
and unit resistance, the only difference being in the 
coefficient, which for the unit resistance is obtained 
by dividing the coefficient for total resistance by the 
projected area of the car. 


The average value of the exponent for the 14 stock 


cars tested 1s found to be 2.14. In no case is the 
value below two and in only one of the equations does 
it equal two. 

Of the cars tested a Buick touring car was found to 
have the highest wind resistance; a Ford roadster the 
lowest. The resistance of the former was approxi- 
mately 50 per cent higher than that of the latter. The 
other makes and styles of body tested have resistances 
between these two extremes, but the variation does 
not appear to be consistently related to either the 
make or the body style. The resistance of open 
cars does not appear to be consistently higher than 
that of the closed models as some experimenters have 
found. 

The average equation for the unit resistance of the 
cars tested is found to be P=0.00149 V*"*. The same 
relation for flat surfaces is generally considered to be 
P=0.003 V?, and other experimenters with automo- 
biles, assuming an exponent of 2, have arrived at 
coefficients ranging from 0.00234 to 0.00340. I[f for 
purposes of comparison, a definite velocity, say 35 
miles an hour, be substituted in the average equation 
above the relation is found at this speed to be equiva- 
lent to P=0.00250 V”. 


RESISTANCE OF FULL-SIZED CARS MEASURED IN WIND TUNNEL 


After a year’s work with natural winds which 
yroved to be extremely variable and gusty it was 
fond to be necessary to resort to the construction 
of a wind tunnel in order to produce by artificial 
means a reasonably constant wind velocity. The 
wind tunnel constructed (see fig. 1) is of rectangular 
cross section, 10 feet high by 12 feet wide at the throat 
and 50 feet long, these dimensions being increased at 


the test section to give an additional 27.5 square feet, 
which is about the average projected area of all cars 
measured to date. 

The automobiles are set on a swinging platform, 
forming part of the floor, and supported by two wooden 
beams which are suspended from the roof by chains out- 
side the tunnel. Side sway is prevented by four ball- 
bearing rollers running between two longitudinal steel 
tracks. When acar is blocked on this platform and the 





Fiac. 1.—The tunnel used in the wind-resistance tests 


fan starts drawing air through the tunnel, the horizontal 
force exerted on the car causes the platform to swing 
backward. This horizontal force is measured by a 
ete balance which is connected to the front end of 
the platform under the floor, and which is tightened 
until the platform has returned to its original or zero 
position. 

The horizontal force or pull is made up of two factors, 
the wind resistance, or drag, of the car at the given air 
velocity, and the resistance of the platform. With no 
car in the tunnel, the platform resistance is too small to 
be measured. It was thought, however, that the 
presence of the car above the platform probably would 
increase the resistance of the latter. Accordingly, the 
car was suspended from the roof of the tunnel so that the 
wheels almost touched the platform. The resistance of 
the platform in this case was found to be quite apprecia- 
ble; and this resistance was subtracted from the total 
pull in all tests. Figure 2 shows this correction, which 
is called the platform correction, and which amounts to 
a little over 3 pounds at 40 miles per hour. 

The advisability of installing an air straightener or 
honeycomb at the entrance of the tunnel was investi- 
gated. The installation of a honeycomb usually de- 
creases the maximum obtainable air velocity from 15 to 
25 per cent. Furthermore, the honeycomb would 
have to be removed between tests to allow for changing 
cars. In view of these facts, it was decided not to use a 
honeycomb unless the condition of the air stream was 
found to be extremely bad. The first test was made by 
hanging streamers at various points in a cross section 
7 feet ahead of the car, and noting the direction taken 
by each streamer. The direction in every case was 
parallel to the axis of the tunnel. 
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This test proving satisfactory, a second test was made 
to determine the air velocity at various points by 
dividing the cross section of the tunnel into 25 equal 
rectangular areas and determining the velocity at the 
center of each area. The results of 12 series of these 
tests gave an average variation of 6 per cent from the 
mean velocity, which was not considered sufficient to 
warrant the installation of a honeycomb. The air 
speed was measured by a pitot tube and a differential 
manometer sensitive enough to measure differences in 
presssure of 1/100 mm. of alcohol. — 

As remarked above, the cross-sectional area of the 
tunnel at the test section was increased by 27.5 square 


RELATIONSHIP BETWEEN AIR VELOCITY AND PLATFORM RESISTANCE 
DATA TAKEN WITH DODGE TOURING CAR IN TUNNEL SUSPENDED 1$ INCHES ABOVE PLATFORM 
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Fic. 2.—Curve used to make correction for wind resistance of platform 


feet to compensate for the area of the car. While this 
added area is almost exactly equal to the average area 
of all cars tested to date, the area of some of the 
stock cars departed from the average by 4 or 5 square 
feet, while the area of one racing car differed by 131% 
square feet. In computing the test results, therefore, 
the velocities for each car were corrected for this 
difference in area. 


EFFECT OF SIZE OF TUNNEL AND OTHER TEST CONDITIONS 


In order to ascertain whether the tunnel was enough 
larger than the automobiles to make the results com- 
parable to actual road conditions, it was decided to 
determine the velocity of the air currents at certain 
significant points around the car both on the road and in 
the tunnel. One series of these tests has been run 
in which a very close correspondence was found 
between the action of the air currents around the car 
in the tunnel and on the road. 

The effect of natural winds on the test was found to 
be quite pen both the air speed and _ pull 
indicator becoming quite erratic. Consequently no 
tests have been run with a natural wind in excess of 2 
miles per hour. 

To determine the effect of rotation of the wheels a 
Dodge touring car was raised above the tunnel plat- 
form by four stilts. The front and rear hub caps on 
each side were connected together by leather belts, and 
idler pulleys were installed to prevent the belts from 
rubbing on the running boards. The differential of 
the -car was locked so that both rear wheels would 
run at the same speed, and, after calibrating the speed- 
ometer, aligning the front wheels, and tightening the 
belts, it was possible to run all four wheels at any de- 
sired speed. ‘To eliminate the effect of the stilts, sae 
and driver a series of tests was run with the wheels 
stationary. After warming up the motor another se- 
ries of tests was run with the wheels rotating at speeds 


corresponding to the various velocities of the air in the 
tunnel. That there was no appreciable difference be- 
tween the results of the two series of tests was prob- 
ably due to the shielding effect of the fenders on the 
car tested. 

The effect of the automobile fan when the engine 
was running still remained to be evaluated. This was 
determined by setting the shift lever in neutral and 
running the automobile engine alone. It was impos- 
sible to obtain any movement of the platform indicator 
even by racing the engine, which is a logical result when 
it is considered that most of the air after passing through 
the automobile fan strikes some portion of the engine 
or car and gives up most of its energy before leaving 


the car. 
COMPLETE TESTS ON 15 CARS 


In view of the foregoing results, it appeared that the 
wind tunnel could be relied upon to furnish reasonably 
accurate values of the wind resistance, and complete 
tests were run on 15 different cars. So far as possible 
the sedan, touring, coupé, and roadster models of sev- 
eral different brands of cars were tested. The tests 
were made in the following manner. At a time when 
there was little or no natural wind the automobile to 
be tested was backed into the wind tunnel, centered 
on the swinging platform, and securely fastened so that 
it could not be drawn back into the fan. The zero po- 
sition of the platform was next determined. The milli- 


TOTAL WIND RESISTANCE OF VARIOUS AUTOMOBILES 


el | 
INDEX OF CURVES 
NO. MAKE TYPE 

DODGE TOURING 
HUDSON TOURING 
BUICK TOURING 
BUICK ROADSTER 
BUICK COUPE 
DODGE TOURING ..~__. 
DODGE ROADSTER .. —.. 
DODGE . SEDAN 
FORD TOURING HH» 
FORD ROADSTER —_ y » —— 
FORD SEDAN 
FORD COUPE 


OVERLAND TOURING 
FRANKLIN SEDAN 


SOLT RACER 


TOTAL RESISTANCE ~ POUNDS 





VELOCITY—- MILES PER HOUR 


Fic. 3.—Curves showing total wind resistance to automobiles at various wind 
velocities 


meter scale of the manometer was adjusted so that 
its zero corresponded to the zero position of the menis- 
cus in the tube, and the arrangements for the test 
were completed by connecting the pitot tube to the 
manometer. 

The fan was started at its lowest speed; and imme- 
diately the platform swung toward the fan. The plat- 
form was then returned to its original position by 
tightening the spring balance adjustment; and when 
the pointer indicated that the platform was in its orig- 
inal position, the manometer and spring balance were 
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VELOCITY- MILES PER HOUR 


Fie. 4.—Curves showing unit wind resistance to automobiles at various wind 
velocities 


read simultaneously. The process was then repeated 
for seven different air velocities, obtained by short 
circuiting out a portion of the armature resistance, and 
these data formed one test. At least two and usually 
three tests were run on each of the 15 cars. 

The air velocity was recorded in terms of centimeters 
of alcohol and reduced to miles per hour in the usual 
manner. All velocities were reduced to an assumed 
standard atmosphere of 70° F. and 29 inches of mer- 
cury which represents a year-round average at Man- 
hattan, Kans. 

The spring balance was read in millimeters and 
reduced to pounds from a calibration chart, a correc- 
tion being applied for any slight departure of the 
platform pointer from the zero’ position at the time 


RESISTANCE - POUNDS PER SQUARE FOOT OF PROJECTED AREA 


the manometer was read. The resulting figure was 
multiplied by an air density factor to obtain the 
pull in terms of standard air, and from this value 
the platform resistance was subtracted, the result 
being the resistance of the automobile at the corre- 
sponding air speed. 

The projected area of the car was next determined 
by tracing the outline of an enlarged photograph with 
a planimeter. All these photographs were taken at a 
distance of 200 feet, using a long-focus lens. , The 
photograph thus obtained was enlarged about 10 
times which magnified the image of the car 100 times. 
The relation between the size of the photograph and 
the size of the car was obtained from a scale which 
was photographed on the car. 


OF PROJECTED AREA OF THE FOLLOWING CARS 
DODGE TUURING (1917) DODGE TOURING 11925) 
HUDSON TOURING DODGE ROADSTER 
BUICK TOURING DODGE SEDAN 
BUICK ROADSTER FORD TOURING 
BUICK COUPE FORD ROADSTER 
OVERLAND TOURING FORD SEDAN 
FRANKLIN SEDAN FORD COUPE 


BINS 





VELOCITY -MILES PER HOUR 


Fic. 5.—Curve of average wind resistance at various velocities for 14 stock cars 


THE TEST RESULTS SUMMARIZED 


The results of the tests run are summarized in Table 
1, and are shown graphically by the curves of Figures 
3 to 6. The equation representing the experimental 
data for each car was derived by the method of aver- 
ages. These equations are all of the parabolic form 
and the exponents are not far from two, which has 
long been assumed to be the correct power of an equa- 


TaBLeE 1.—Summary of results of tests of wind resistance of automobiles 
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Equations! 
is Make of Type of Model Wind- Top Curtains Pr ojected Pull per Protuberances, remarks, etc 
Ni vehicle body shield | area Total pull square foot 
| on car of projected 
| area 
Sq: fi. 
2| Dodge_-..-_-- Touring....-| 1917 | Shut....; Up_-.--- Ofer. 2 30.52 | P=. 0806 V 2-0 | P=, 00264 V 2-03 | No extras; no spare tire. 
So) iidsou--..-|..... 3 (0 een TOT Sees... 222|.220d0-2.. |S. 200-2... 32. 56 =, 0880 V 2-0 | P=, 00270 V 2-00 | Motometer, vizor, bumpers, spot light, tool box on 
‘co aaa board, two spare tires on left running 
oard. 
AAI ESD | a G0_-2228 el «Oe .2e2| 22 200.2225 = ae 29. 48 =, 0550 V 2-14 | P=. 00186 V 2-4 | Motometer, vizor, bumpers, spare tire at rear. 
2 Co Evgreeter...-| 102) |..-do_... .|...do..... eardO2... 28. 42 =. 0512 V *-07 | P=. 00180 V 2-7 | Motometer, spare rim at rear. . 
(cee Oe 252 Coupe---_--- 12. RSS (RE ee ae 29. 48 =. 0346 V 2-20 | P=, 00117 V 2-20 | Motometer, vizor, bumper at front, spare tire at rear. 
8 | Dodge......| Touring.....| 1925 |._.do_...- Wiper Oil... ... 27, 44 =, 0450 V 2-4 | P=, 00164 V 2-4 Motometer, bumpers, balloon tires, spare tire at rear. 
|. Gee... Hoaascer....| 1929 |...d0..._.|_..do.....|...do0....- 25. 90 =, 0478 V 2-07 | P=. 00185 V 2-07 | Motometer, bumpers, balloon tires, spare rim at rear. 
10. ee by... Seaane. -_._. Tepe) | RR a (i ep iF Se SS (ee Zi. te =, 0585 V 2-08 | P=, 00211 V 2-08 | Motometer, vizor, bumpers, balloon tires, spare tire 
at rear. 
Oe ali) Tourn’... 192s |_. 7d0....- J i 27. 49 =, 0326 V 2-20 | P=. 00118 V 2-20 Balloon tires, Spare tire at rear. 
15 eee a ioaaster---.| 1993))..2do:.2._|...do..... oe) 25. 60 =, 0275 V 2-18 | P=. 00108 V 2-18 | Spare tire at rear. ; 
C2 pegaiie...... Uo. ee a nes Ss sr 27. 18 =, 0191 V 2-32 | P=, 00070 V 2-32 | Motometer, vizor, bumpers, balloon tires, spare tire 
at rear, folded luggage carrier on left running board. 
Lae C0... - Coupe... -.... WO) i ne a 26. 55 =, 0289 V 2-19 | P=, 00109 V 2-19 | Vizor, balloon tires, spare tire at rear.. 
16 |) Overand._._| Touring _..-) 1923 |...do__.../ Up_.._.. Ofr_..... 27. 04 =, 0302 V 2-22 | P=, 00112 V 2-22 | Spare tire at rear. 
17 | Franklin_..-.| Sedan_____-- CO i a a 29. 70 =, 0422 V 2-18 | P=, 00142 V 2-18 | Bumpers, spare tire at rear, folded luggage carrier on 
left running board. ; 
18 | -soltees5-*. . - Racing. _..-.- 1923 None None None 14.05 | P=. 0126 V 2:25 | P=, 00089 V 2-25 | Motometer, 2 spot lights, no head lights, spare wire 
wheel on right side. 





1 P=Pullin pounds. V=<Air velocity in miles per hour. 
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INDEX OF CURVES 
NO. MAKE TYRE 
2 DODGE TOURING 
3 HUDSON TOURING 
4 BUICK TOURING 
5 BUICK ROADSTER 
7 BUICK COUPE 
8 DODGE TOURING 
9 DODGE 
10 DODGE 
12 FORD 
13, FORD 
14 FORD SEDAN 
IS FORD COUPE 
16 OVERLAND TOURING 
17 FRANKLIN SEDAN 
18 SOLT RACER 


ROADSTER 

, SEDAN 

+ TOURING 
ROADSTER 











HORSE POWER 
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Fic. 6.—Horsepower required to overcome wind resistance to automobiles at various 
wind velocities 


tion representing wind pressure. In one of the equa- 
tions the exponent is exactly two, and in no case does 
it fall below that figure. The average value for the 
14 stock cars tested 1s 2.14. 


Figure 3 shows the curves for the total resistances 
of 15 different cars. The lowest one, No. 18, repre- 
sents the resistance of a specially made racer without 
top, windshield, or fenders. The other 14 are stock 
cars which were borrowed for the tests from automo- 
bile dealers and private owners. 

Figure 4 shows the curves for the unit resistances of 
the same cars. ‘These were obtained by dividing the 
total resistance of each car by the projected area of 
the car in square feet. The eect of these curves, 
representing a Buick touring car, 1s 21 eseereoee 50 

er cent higher than the lowest, which represents a 
Ford roadster. In other words, the extremes vary only 
about 25 per cent from the average. This average 
curve is shown in Figure 5. The variation in unit re- 
sistance, apparently, does not accord with the make of 
car or typeof body. ‘The open cars are not consistently 
paul i the closed, as some experimenters have 
found. 

The equation of the average curve (Fig. 5) is P= 
0.00149 V214 where P is the pressure per unit area. 
In order to compare this with the values derived by 
other experimenters who assume the exponent to be 
2, some definite velocity must be assumed. At 35 
miles per hour, the equation would read P=0.00250 
V2, This is somewhat less than the pressure on a flat 
surface which is generally considered to be P=0.003 
V*.. Experimenters heretofore have arrived at values 
of the coefficient for automobiles ranging from 0.00234 
to 0.00340. 

The horsepower required to overcome the air re- 
sistance of the cars tested is shown by the curves of 


Figure 6. These were calculated from the curves for 
total resistance by using the formula H ae where 


H = horsepower, P pressure in pounds, and V= velocity 
in miles per hour. 








METHODS OF CURING CONCRETE 


Studies of Methods of Curing Concrete in a Semi- 
arid Climate, by Harrison F. Gonnerman and C. L. 
McKesson, has just been published as Bulletin 15 of 
the Structural Materials Research Laboratory, Lewis 
Institute, Chicago. 

This investigation was conducted at Sacramento, 
Calif., as a cooperative research by the California 
Highway Commission and the Structural Materials 
Research Laboratory. The climatic conditions were 
quite unfavorable for the proper curing of unprotected 
concrete, but are typical of those encountered in 
semiarid regions. 

The experiments were carried out on 7 by 10 by 
38 inch Portland cement concrete beams made out of 
doors and cured in the open. Curing methods in- 
cluded: 

. Covering with wet earth. 

. Covering with asphaltic paper. 

. Surface application of flake calcium chloride. 
. Surface application of sodium silicate. 

Air exposure. 

Five Lmsenattt and eighteen beams were tested in 
cross-breaking with the cured surface in tension at 
ages of 3 to 90 days. The hardness of the cured sur- 
faces of the beams was measured by a ball-indentation 
test. Compression tests were made on 175, 6 by 12 
inch cylinders and prisms, in order to secure a measure 
of the quality of the concrete in a standard test. 


Cr OF ROD ee 


IN A SEMIARID CLIMATE STUDIED 





In comparing the relative efficiency of the different 
curing methods, the strength of the concrete cured 
with earth wet 7 and 14 days (which showed practically 
identical results) was taken as the standard. The 
strength ratios for the different methods of curing 
were based on the following values of modulus of 
rupture of 1:.2 2:3.0 concrete: 7 days, 445; 14 days, 470; 
28 days, 535; 90 days, 600 pounds per square inch. 
(The 28-day compressive strength was 4,000 pounds 
per square inch.) 

The principal conclusions from the tests are— 

1. A curing method is efficient which maintains the 
moisture content of the concrete during the early 
stages of hydration, about equal to the original quan- 
tity of mixing water. Wet-earth curing gave the best 
results; this method apparently supplied moisture in 
sufficient quantity to replace losses due to evaporation 
and to absorption by the subgrade. Curing methods 
which permitted high evaporation losses gave concrete 
of low strength. 

2. The tests showed that concrete cured under earth 
wet for 7 or 14 days was only slightly stronger than 
when cured under earth wet for 3 days. In view of this 
and of the small rate of increase in strength after the 
fourteenth day it may be concluded that with tempera- 
ture no lower than prevailed in these tests (70° F.) 
concrete pavements cured by covering with wet burlap 

(Continued on page 212) 
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HIGHWAY RESEARCH PROJECTS TABULATED 


T THE request of the Bureau of Public Roads the 
A highway research board of the National Re- 
search Council has recently completed a partial 
survey of research projects recently completed or now 
in progress under the auspices of State highway depart- 
ments, universities oan State experiment stations. 
The bureau desired information especially with regard 
to projects of which it would be aaabl to obtain a 
motion picture record. Such a record of the outstand- 
ing researches is believed to be desirable and the bureau 
is considering plans for the purpose. By selecting a 
few of the more important investigations under way for 
picturization each year it is believed that a valuable 
photographic record of permanently interesting funda- 
mental highway ocumtt will be gradually built up. 

Questionnaires sent to the State contact men of the 
highway research board produced such a gratifying re- 
turn that it has seemed desirable to compile and publish 
the data as a source of information in regard to current 
and recent projects. As it was emphasized in the re- 

uest sent to the contact men that information was de- 
sired only with regard to projects suitable for picturiza- 
tion it is possible that some valuable information has 
been omitted from the reports. 

The material is tabulated in accordance with the 
classification of the field of highway research arranged 
by W. K. Hatt, formerly director of the Highway Re- 
search Board.’ Only those heads and subheads have 
been used which apply to the answers included in the 

uestionnaire. Information was submitted by 39 
tate highway departments and 42 colleges and 
universities. 


I. ECONOMICS: 
1. Traffic studies— 

United States Bureau of Public Roads in cooperation with 
States, etc.—Field work of traffic studies made in coop- 
eration with the State and county highway departments 
has been completed in Connecticut, Maine, California, 
and Cook County, Ill. In cooperation with University 
of Tennessee and the State highway department a study 
has been completed in several counties of Tennessec. 
Studies are under way in Ohio and Pennsylvania in co- 
operation with the State highway departments. The 
data include traffic counts, net and gross loads of motor 
trucks, trip mileage, percentage of overloads, traffic in 
relation to population and other factors of value in de- 
termining highway budgets, selecting pavement types, 
and enacting traffic regulations. 

California Highway Commission.—A traffic census is 
taken on all State highways at regular intervals, and 
this information is classified for future use. This work 
is under the immediate supervision of the maintenance 
engineer. 

Colorado State Highway Department.—This State is now 
taking a traffic census on all the main highways. 
Counting stations are situated on the eastern and west- 
ern slopes of the Rocky Mountain Divide. 

Florida State Road Department.—This State has com- 
piled a tabulation of traffic on the State highways. 

Maine State Highway Commission.—A traffic census was 
taken during the period from July 1 to July 20, 1925, 
on the bridge between Kittery, Me., and Portsmouth, 
N. H. The object of this census was to determine the 
total amount of traffic coming in and going out of the 
State. The count showed the number of passenger 
cars, trucks, passenger busses, and horse-drawn ve- 
hicles. The registration by States was also taken. 

Ohio Department of Highways and Public Works.—A 
comprehensive transport survey is now being conducted 
in cooperation with the Bureau of Public Roads. This 
work will cover a period of at least one year. 








1 The Field of Highway Research, by W. K. Hatt. Public Roads, vol. 4, no. 5, 
Sept. 1921, 


I. ECONOMICS—Continued. 
1. Traffic studies—Continued. 

South Carolina State Highway Department.—Traffic 
counts are being made at 117 stations for one day of 
each month. The object is to determine the most-used 
roads in order to select better types of surfacing. 

University of Tennessee.—The department of highways 
and the University of Tennessee are engaged in making 
traffic studies throughout the State. ‘Traffic counts are 
taken at typical stations four times each year. 

Utah State Road Commission.—A traffic census is being 
taken this year. A count is being made on 13 days 
throughout the season beginning with May 6 and ending 
with December 1. 


3. Cost of transport— 
Vehicle— 
Iowa State College.— Highway transportation costs. 
gineering Experiment Station Bulletin No. 69. 


4, Economies of location— 

Iowa State College.—The Economics of Highway Grades. 
Engineering Experiment Station Bulletin No. 65. 

North Carolina State College.—The determination of the 
power and cost of fuel required on State highways. 
Measurements are made on gasoline and electric trucks 
and cars with electric recording and integrating meters. 
The amount of the electric current and the speed are 
determined and from this the torque and power are 
calculated for different speeds on different roads and 
under different conditions. The test truck is calibrated 
for torque on the main driving shaft and on the driving 
wheels. 


II. OPERATION: 
1. Control of traffiic— 
Police regulations— 

University of Pittsburgh.—The effect of automobile park- 
ing on traffic congestion. Observations are made of 
the speed of moving vehicles in the congested areas where 
different numbers of vehicles are parked. 


7. Maintenance methods— 
Routine— 

Utah State Commission.—Field uses of bridge repair 
outfit. The unit consists of a 5-ton class B Liberty 
truck, on which is mounted a cement gun and an air 
compressor of 212 cubic feet capacity. The cement 
gun will be used for repairing concrete culverts and 
abutments which have been attacked by alkali. The 
truck also carries a compressed-air outfit for painting 
bridges and guard rails. Two jack hammers are part 
of the outfit. <A car trailer hauls gas, oil, paint, tools, 
ete. 

Replacement— 

Colorado State Agricultural College-—A study is being 
made of joint fillers for use in maintaining concrete 
pavements. 

Iowa State Highway Commission.—A study to determine 
the most satisfactory crack filler for use in concrete 
pavement maintenance. Observations were made on 
several sections of pavement on one road with the 
cracks in each section filled with a known commercial 
filler. The usual laboratory tests were made on each 
filler. 

Michigan State College.—Laboratory tests are being made 
on 30 makes of bituminous fillers for cracks in concrete 
pavements. Observations are being made on 3 miles 
of road where these fillers are being used. The object 
is to secure information on which to base the revision of 
the specifications for crack filler. 


Snow removal, ete.— 

Michigan State Highway Department.— Work has been 
completed on an investigation of snow removal prob- 
lems. The data show that a definite relation exists 
between temperature and snowfall. The effect of this 
relation is also shown on the length of the snow removal 
season and the amount of snow which actually remains 
to be removed after taking into account the amount 
which falls at a temperature at which no snow removal 
is necessary. A definite rating for the various counties 
in the State has been worked out and a comparison is 
possible between suitable equipment and a reasonable 
cost of carrying on the work. The report will be pub- 
lished shortly by the State highway department. 


iin- 
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III. DESIGN (road) ---Continued. 


Il. OPERATION—-Continued. 
1. Subsoil studies, propertics—Continued. 


7. Maintenance methods—Continued. 


Snow removal, ete.—Continued. 

Nevada Department of Highways.—The department has 
constructed a number of snow-removal units, one of 
them in particular being built on new lines. Itis known 
that these plows and other lighter units are satisfactory 
in a depth of snow up to 18 inches. An attempt, how- 
ever, has been made to build a snow plow that will 
handle easily 3 feet or more of hard snow. Since build- 
ing units last year there has not been sufficient snow to 
make tests. If possible the tests will be made during 
the coming season. 

Washington State Highway Department.—Various types 
of equipment are being tried out to determine the most 
economical method of removing the snow from the Sun- 
set Highway in the Snoqualmie Pass through the Cascade 
Mountains. 

Wyoming State Highway Department.—Investigations of 
the efficacy of elevating highway grades as a means of 
preventing the obstruction of roads by snow. 

. Safety— 

Pennsylvania Department of Highways.—in 1924 guard- 
rail tests were made. These are being continued this 
year. Loaded trucks are run into various types of 
guardrail to determine their resistance to impact and 
their capacity for saving life. 


I¥I. DESIGN (road): 
1. Subsoil studies, properties— 


Physical— 

United States Bureau of Public Roads.—Intensive labora- 
tory studies of the properties of subgrade materials are 
being made. These include studies leading to the 
proper classification of subgrade materials, investiga- 
tions of their physical properties, and the development 
and standardization of tests for subgrade materials. 
Both laboratory and field tests are likewise being made 
in an effort to improve the supporting power of sub- 
erades by manipulat.on or by the use of admixtures. 

California Institute of Technology.—Tests are being 
made to determine the power exerted by confined 
adobe soils when the moisture content is increased 
from the dryness to saturation. The increases in 
volume from a dry condition to saturation are also 
being measured. 

Colorado State Highway Department.—The department 
at this time is taking core-drill samples of pavements 
and samples of the underlying subgrade material. 
It is also sampling the subgrade soils on contemplated 
projects. These investigations are being made in 
cooperation with the Bureau of Public Roads. 

Georgia State Highway Department.—Investigations are 
being carried on to determine the effective life of sand- 
clay, topsoil, and similar surfacing materials on the 
State highway system. Samples of surfacing material 
are taken annually from 29 Federal-aid projects which 
are under study. These samples are analyzed in 
accordance with standard methods and studies are being 
made on the several ingredients to determine the factors 
which control the stability of such soils under known 
trafic and weather conditions. Maintenance cost 
data are being kept on these projects and traffic counts 
are being made annually. These studies are expected to 
be carried on until the roads need to be reconstructed. 
At that time it is hoped that the combined economic 
and scientific data will be sufficient to determine the 
efficient use of these roads under known traffic density. 

Iowa State Highway Commission.—An investigation to 
determine the cause and to devise a remedy for the sub- 
grade failures occurring most frequently in cuts on 
earth and gravel roads in northwestern Iowa. 

Michigan State Highway Department.—An investigation 
to determine the causes for the settlement of earth fills 
on unstable soils has been begun. An attempt is being 
made to determine the percentage of shrinkage probable 
on muck soil and the shape of the cross section of the 
earth fills in the muck. An attempt will also be made 
to determine the amount of muck beneath the fill which 
Is compressed to such an extent that a comparatively 
stable support is provided for the fill above it. 

Ohio Department of Highways and Public Works.— 
Soil investigations including laboratory tests are being 
made on experimental sections of pavements with 
specially prepared subsoils. The work is being carried 
on In cooperation with the Bureau of Public Roads and 
the Ohio Engineering Experiment Station. 


Mechanical— 

Iowa State Highway Commission.—The determination of 
the coefficient of friction of a concrete slab moving from 
rest and in motion on various soils. Concrete slabs, 
each 24 by 24 by 8 inches in size cast in place on the 
soil, are being studied. They are pulled with a hoist. 
The load is measured with a 1,200-pound spring balance 
and the movement observed and measured with a 
micrometer miscroscope. 

Improvement by treatment— 

Iowa State Highway Commission.—The effect of various 
finely powdered admixtures incorporated with the 
surface soil of earth roads. A total of 34% miles of 
road was treated, one-half of the mileage on a tough, 
clay soil and the remainder on Missouri Valley loess. 
Portland cement and hydrated lime in various amounts 
were used on different sections of each road. They 
were mixed with the earth to a depth of 6 inches. 

University of Illinois—A laboratory investigation at- 
tempting to determine the basic principles involved in 
the construction of oiled earth roads. This includes 
a study of both the oils and the soils. Although con- 
siderable work has been done it has not yet reached the 
stage of publication. The work will continue during 
the coming year. A graduate research fellowship for 
the study of earth roads has been established. The 
work will cover a period of about two years. 

University of Missouri Engineering Experiment Station.— 
A study to determine the effect of hime on earth roads. 
Commercial hydrated lime is incorporated in the top 6 
inches of the soil of the road to determine the beneficial 
effect. It is hoped by this treatment that the main- 
tenance of such roads will be made easier, particularly 


with respect to dragging and prevention of the forma- ~ 


tion of ruts. Some sections have been tried with a 
2-inch depth of application of the lime and also with 
varying percentages of lime. Laboratory tests have 
been carried on in conjunction with field tests to de- 
termine how the soil is affected by the addition of the 
lime. 

Effect of climate— 

Minnesota State Highway Department.—A study of the 
occurrence of frost upheavals in the spring, the locations 
at which they are most likely to occur, and an investi- 
gation of methods of prevention. 


2. Base course— 


Ohio State University Engineering Experiment Station.— 
The method of maintaining the smoothness of a gran- 
ular subbase beneath a concrete pavement while paving 
materials are being brought to the work, mixed, and 
placed. 


3. Surface— 


Character— 

Alabama State Highway Department.— Determination of 
a clay-asphalt mixture for surfacing. It is desired to 
produce a serviceable and economical surfacing by 
the admixture of asphaltic oils with clay, sand, gravel, 
etc., adjacent to the roadway. 

Connecticut State Highway Commission.—A study to 
determine an economical method of laying a bitumi- 
nous surface on a concrete road with a pitted surface. 
Experiments are being carried out on sections of 
pavement surfaced with various kinds and depths of 
bituminous materials. 

Michigan State Highway Department.—An investiga- 
tion of the various types of rigid pavement now in ser- 
vice on the trunk-line and Federal-aid highway system 
in an effort to determine what methods of reinforce- 
ment of the slab, subgrade treatment, etc., have been 
particularly effective since their construction during 
the past five or six years. A number of projects are 
available on which experimental work has been done 
in the past few years. 

Wear by elements— 

Illinois Department of Public Works and Buildings.— 
An investigation to determine the temperature through 
pavement slabs and a study of the resulting stress and 
the curling action of the slab. 

Wear by traffic— 

United States Bureau of Public Roads.—Laboratory and 
field studies to determine the characteristics and 
properties of bituminous paving mixtures, especially 
with regard to the determination of the cause of longi- 
tudinal displacement or shoving. Field experiments 
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III. DESIGN (road)—Continued. 
3. Surface—Continued. 

Wear by trafiic—Continued. 
are being carried out on a circular track with concrete 
base surfaced with short sections of widely different 
mixtures. ‘Traftic has been imposed bys means of a 
loaded truck and the relative stability of the various 
sections obtained by recording the displacement of 
plugs set in the surface. 

Laboratory tests have been made to determine the 
properties of materials used in the field test, and a new 
modified shear test has been developed which appears 
to measure the resistance to displacement of sheet 
asphalt and bituminous concrete mixtures. 

Tractive resistance— 

Iowa State College.—Resistance to the translation of 
Motor vehicles. Engineering Experiment Station Bul- 
letin No. 64. Tractive resistance and related charac- 
teristics of roadway surfaces. Engineering Experiment 
Station Bulletin No. 67. 

5. Impact— 

United States Bureau of Public Roads, Society of Auto- 
motive Engineers, and Rubber Association of Amer- 
ica.—The objects of this cooperative investigation are 
the determination of the effect of motor trucks operat- 
ing on highways as influenced by Various truck, tire, 
and road factors, such as type of tire, design of truck, 
and character of road surface; and the measurement of 
stresses in road surfaces as influenced by motor-truck 
wheel impact. Experiments so far include the deter- 
mination of the cushioning of pneumatic, cushion, 
heavy-duty cushion, high-profile, non-skid, and regular 
types of solid tires. Tests have been made with both 
new and worn-out tires, and with new tires cut down to 
various heights to simulate the effect of partly worn 
tires. Both static load and impact tests have been 
made with trucks equipped with various tires, as well 


as tests on actual roads, one test road section being 


selected to represent a smooth and the other a rough 
surface. 
8. Reinforcing— 

Highway Research Board, National Research Council.—A 
nation-wide survey is being made to determine the 
value of reinforcing in concrete pavement. Pavements 
in good and bad condition are being compared to 
determine the relative value of the different types of 
reinforcement. In addition to differences in the sub- 
grade conditions notes are being taken on the age, 
mix, traffic and cross-section variations. 

IV. DESIGN OF VEHICLES (as related to the road): 
1. Design of vehicle— 

University of Kansas.—A study of the air resistance to 
motor vehicles. A wind tunnel is used in which the 
car to be tested is placed on a feebly swinging platform. 
As the wind is forced past the car its effect is observed 
and the force recorded 

3. Surface— 
Wear on tires— 

University of Kansas.—A study to determine the relative 
effect of different types of pavement on the wear of 
motor-vehicle tires. A Dodge touring car and a 
laboratory apparatus using regulation-size tires are 
used in the tests. 

4, Alignment— 
Grades— 

Michigan State Highway Department.—An investigation 
of the behavior of 144-ton trucks on different types of 
surfaces and on various grades has been completed. 
This takes into account all factors at the various speeds. 
The factor which is new and which is believed never to 
have been considered before is that of the moment of 
inertia of the rotating part of the motor vehicle includ- 
ing the wheels, transmission system and engine. 

6. Safety— 

Iowa State Highway Commission.—The determination of 
various methods of securing satisfactory driving lights 
ie automobiles and the regulation of the use of these 
ights. 

V. CONSTRUCTION: 
1. Materials— 
Bituminous— 

Iowa State Highway Commission.—The effect of various 
preservative treatments for wood posts used in guard- 
rail construction. Several sets of posts were treated 
by different methods and installed along the roads in 
three separate counties. Observations were made of 


V. CONSTRUCTION—Continued. 
1. Materials—Continued. 
Bituminous—Continued. 
ordinary installations, and laboratory tests were carried 
on for the various treating fluids. 

North Carolina State Highway Commission.—The de- 
termination of the proper thickness of a sand-asphalt 
wearing surface under various traffic conditions. The 
observations were made on pavement surfaces of 114 
and 2 inch depths under known traffic conditions. 

South Carolina State Highway Department.—The ob- 
servation of bituminous treatment of earth roads. 
Forty miles of experimental roads with various tar and 
oil treatments have been constructed. ‘The object is 
to develop a satisfactory and economical surfacing for 
earth roads, such as topsoil and sand-clay. 

Nonbituminous— 

United States Bureau of Public Roads.—An investigation 
to determine how the character and type of aggregate 
affects the resistance of concrete road surfaces to wear 
produced by traffic loads. Sixty-two sections of cement- 
concrete surfacing were constructed in the form of a 
circular track 600 feet in circumference. Various types 
of coarse aggregate, such as crushed stone, gravel, and 
slag were employed, each of which varied in quality 
from the best obtainable to materials which have been 
considered of questionable value. ‘These test sections 
have been subjected to the action of a motor-driven 
testing machine equipped with solid rubber tires 
designed in such a manner as to produce the same traffic 

: effects as an actual motor truck. An amount of traffic 
equivalent to 300,000 applications of a single wheel 
load operating at a speed of 22 miles per hour and loaded 
to 600 pounds per inch width of tire, was first put upon 
the pavement. This was followed by a second test in 
which the testing machine followed an entirely different 
path and in which traffic was placed upon the pavement 
equivalent to 75,000 applications of the same wheel load, 
with the exception that the tires were equipped with 
nonskid chains. 

A series of concrete tests is now being conducted in 
which the coarse aggregate varies both as to character 
and quality. About the same range of quality and 
character of aggregates is being employed in this test 
as was used in connection with the tests for wear- 
resisting properties of concrete. The specimens are 
subjected to alternate freezing and thawing in such a 
manner as to simulate the effect of actual frost action 
in the field. The effect of frost action is determined 
both by visual examination of the specimens and by 
subjecting them to flexure tests. 

California Highway Commission.—-A study to determine 
the efficiency and cost of calcium chloride for the pre- 
vention of dust on a heavily traveled gravel road has 
been made in one of the divisions of the State. 

Colorado State Agricultural College.—A survey is being 
made to determine the location in the State of road 
materials for various types of highway construction. 
Samples of the materials are tested in the laboratory. 

Another study is being made to determine the effect 
of beet pulp on concrete and mortar. 

Iowa State Highway Commission.—A study to determine 
the effect of shale in various amounts in the aggregate 
upon the strength of concrete. This includes a study 
of rotten stone. Compression tests are made on 
6 by 12 inch cylinders and transverse tests on 4 by 8 
by 30 inch beams. 

A study to devise methods of using poorly graded 
sands to produce concrete equivalent in workability 
and strength to normal materials. Vhe mortar-void 
theory of proportioning was tried. ‘he specimens 
consisted of briquettes and 2 by 4 inch cylinders. 

A study to determine what physical characteristics of 
Jowa limestones affect the quality of concrete made by 
using these limestones as the coarse aggregate and to 
devise tests which would consistently indicate variations 
of those characteristics. Abrasion tests were made in 
the Deval machine with standard and slotted cylinders. 

A series of tests of large-sized concrete pavement 
slabs constructed by the vibrolithic process and cor- 
responding slabs constructed in the conventional man- 
ner. Both kinds of slabs were tested for modulus 
of rupture by means of a specially constructed testing 
machine. Various proportions of cement and aggre- 
gate were used in the slabs, one-half of which were 
tested with the top surface in tension, the balance with 
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the bottom in tension. Tests are being made at the 
age of 28 and 90 days and one year. 

Later this test was continued with a new operator 
to determine the durability of the limestone. Accel- 
erated weathering tests and soundness tests were 
made. Particular studies were made of the steam- 
sulphate test and of the freezing and thawing tests. 

Later this work was continued by making a par- 
ticular study of the soundness, absorption, specific 
gravity, and standard Deval abrasion tests. 

A study to determine the effect of varying ratios 
of fine and coarse aggregate in concrete mixes upon 
the strength and resistance to wear of the concrete. 
This is a corroboration of Crum’s method of propor- 
tioning. Proportions were made by weight. The 
specimens made up in 6 by 12 inch cylinders and 4 by 
8 by 30 inch beams were subjected to the usual tests. 
Both types of specimens were made in the field and 
in the laboratory. 

A study to determine the serviceability of various 
paint mixtures under service conditions. 

A study to determine the effect of the various chemi- 
cals found in the natural waters of the State upon the 
strength of the concrete mixed with these waters. 

A study to determine the physical or chemical 
properties of a soil or clay which make it unsuitable 
as binding material for use in gravel road construction. 
Methods of tests were used as proposed in @ paper on 
‘Physical properties of subgrade materials,’’ read by 
J. R. Boyd of the Bureau of Public Roads before the 
twenty-fifth annual meeting of the American Society 
for Testing Materials. 

A study to determine the thermal coefficient of 
expansion of concrete made from different mixes. 

An investigation of the characteristics of a service- 
able paint film. Microscopic photographs of the 
surface and cross sections of the various paint films 
were made. 

A study to determine the effect of the size and shape 
of concrete test beams upon the modulus of rupture. 
Beam specimens 4 by 8 by 30 inches and 4 by 4 by 60 
inches in size were tested at different span lengths 
and in different positions. 

A study to determine a method of using Platte 
River sand-gravel to produce concrete having strength 
equivalent to that produced by concrete made from a 
typical Jowa material possessing similar character- 
istics. The usual laboratory specimens were made. 
These consist of beams and cylinders and a special 
effort was made to develop a technique for measuring 
the workability of plastic concrete. 

A study to determine the properties of the high 
alumina cement recently introduced into the United 
States. Tests were made on laboratory specimens 
consisting of standard briquettes and small cylinders. 
John Hopkins University.—A study to determine the re- 
lation, if any, between static and impact strains in 
concrete. Concrete beams 6 by 8 by 4 feet long are 
subjected to impact loading by means of a rubber- 
cushioned weight which is allowed to fall upon the 
beams at their third points. The unit deformations 
are measured with graphic strain gauges inserted in 
both sides of the beams, six on each side arranged 
vertically one over the other at the mid point of the 
beams. The variable impact forces are determined 
by an accelerometer. Deflections of the beams are 
also measured. Corresponding measurements are also 
made for static loading which is applied by a standard 
testing machine. 

Kansas State Agricultural College.—A study to determine 
the abrasive resistance of concrete with various kinds 
and proportions of aggregate. Nine-inch concrete 
spheres are cast and for 90 days are tested in a standard 
brick rattler. At the end of the test period, four 
14-inch cores are drilled from each sphere and tested in 
compression. 

Michigan State College.—A study to determine the effect 
of low temperatures on the time of setting and the 
strength of Lumnite cement. The compression speci- 
mens were exposed to cold weather of different degrees 
at various ages and with different coverings. 


A study to determine the bond between Portland 
cement and Lumnite cement. ‘The bond was tested in 
shear and the effect of wear was observed on a top coat 
of the Lumnite cement on a pavement with a Portland- 
cement base. 


Minnesota Highway Department.—A study to determine 


the effect of shale on the compressive strength of con- 
crete. Concrete cylinders, 6 by 12 inches in size, con- 
taining varying percentages of shale were subjected to 
alternate freezing and thawing. The object was to 
determine the quantity of shale which should be per- 
mitted in coarse aggregate for Portland cement concrete. 

A study of the limestone quarries in the State of 
Minnesota which are operated on a commercial scale. 
This report consists of geological descriptions of the 
various quarries in the State and physical and com- 
mercial tests and samples of rock taken from each 
quarry. 

A study to determine the soundness of Minnesota 
stone. The tests were made in accordance with the 
methods described on page 8 of United States Depart- 
ment of Agriculture Bulletin No. 1216. Tests were 
made on 4 samples of trap rock, 5 samples of quartzite, 
2 samples of granite, 14 samples of limestone, and 1 
sample of sandstone. All samples were subjected to 
20 immersions in copper sulphate. The fineness 
modulus was determined on each sample before and 
after tests were made., In this way the percentage of 
loss was determined. 

A study to determine the effect of weather on the 
compressive strength of concrete. This involved alter- 
nate freezing and thawing, especially of concrete con- 
taining shaley or laminated limestone. 

A study to determine the effect of moisture content 
on the volume of sand and the effect of the grading and 
character of the coarse aggregate on the percentage of 
voids. 

A study to furnish comparative data on vibrolithic 
pavements and one-course concrete pavements con 
structed under similar conditions. 

A study to determine the merits of the patented 
pavement known as “raw hide.’”’ The data were 
obtained from a short experimental stretch of this 
pavement constructed during the fall of 1924. 

A study of the effect of time on the compressive 
strength of Lumnite cement concrete and observations 
on Lumnite cement concrete placed during freezing 
weather. 

A study of the merits of Willite pavement. This 
investigation includes tests on the various grades of 
asphalt such as Texas, Mexican, Bermuda, Trinidad, 
etc., with and without copper sulphate. Tension, 
toughness, sag, and impact tests were made on sheet 
asphalt mixtures containing copper sulphate. 

A study of an experimental road consisting of sections 
of Portland cement concrete with various kinds of ag- 
gregate and types of reinforcement. One section con- 
sisted of Lumnite cement concrete and another of 
sheet asphalt with an asphaltic concrete base. 

A study to determine the value of marl as a binder 
on sandy roads. The experimental roads were built in 
1922. <A report of this test was published as Bulletin 
No. 1 of the Engineering Experiment Station of the 
University of Minnesota. 


New Jersey State Highway Commission.— Deterioration 


surveys have been made of the concrete pavement on 
the State highways. The results will be compiled and 
compared with designs, construction conditions, and 
maintenance costs. 


Purdue University.—The fatigue of concrete. Concrete 


specimens are subjected to repeated stresses or reversals 
of stress in a specially constructed apparatus. The 
object is to determine the fatigue limit of concrete 
under repeated loads. 


Tennessee Department of Highways.—A study to de- 


termine the tensile and compressive strength of Lum- 
nite-cement concrete at ages varying from 11 hours up 
to 12 months. The tensile and compressive specimens 
were 2 by 4 inches in size. 

A field study to determine the behavior of rock 
asphalt as a road-surfacing material. 
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consisted of a brief study of the methods now used for 





determine the suitability of mudshell as an aggregate 
for bituminous pavements. Numerous specimens were 
prepared from various formulas and tested for stability 
by means of an improvised mold and plunger and by 
true punching shear. Comparisons were made with 
four other types of hot mixture. 


University of California.—A study to determine the ex- 


pansion of concrete due to the absorption of moisture. 
These tests have been under way since the first of the 
year. A room has been constructed in which the 
temperature and humidity may be maintained at any 
desired temperature and 3,by 3 by 40 inch specimens 
have been observed periodically to determine the rate 
of change in weight and length due to variations in 
the moisture content. 

A study to determine the fatigue of concrete. Beam 
specimens, 4 by 6 inches by 6 feet, are subjected to 
repeated center loads up to 100,000 repetitions. 

Tests are being inaugurated to determine the plastic 
deformations of concrete under continuing load. These 
tests will be made to determine a rate of flow of con- 
crete in compression and also in flexure. 


Fundamental mechanical properties— 
California Highway Commission.—In order to determine 


the relative smoothness of various pavements, vialog 
records have been made of most of the existing pave- 
ments on the State highway system. New records are 
being made from time to time to determine what 
changes, if any, occur in the condition of the pavement. 
Records are also being made of new pavements to ascer- 
tain the relative efficiency of the finishing methods and 
construction operations. 


Illinois Department of Public Works and Buildings.—A 


study to determine the effect of impact on pavement 
slabs by equivalent static loads through the medium of 
slab deflections. 

Tests have been made with the I[linois fatigue 
machine to determine the fatigue stress in concrete. 


Methods of tests— 
U.S. Bureau of Public Roads.—Extensive laboratory and 


semifield tests are being conducted for the purpose of 
determining the most satisfactory method of measuring 
the consistency of Portland cement concrete. Compar- 
ative tests have been made, using the slump test, the 
flow test, and a special device known as the plate test 
developed by the bureau. All of these tests have been 
conducted with a view of developing a method which 
will control the water-cement ratio and, therefore, the 
strength of the concrete. 


Illinois Department of Public Works and Buildings.—A 


number of pavement surfaces have been profiled with 
a profilometer in order to study the roughness of the 
slab. 


Iowa State Highway Commission—A study to determine 


the effect of the number of pieces of rock used in the 
abrasion test for the French coefficient of wear. 

A study to determine the effect of a standard shot 
rerun of the abrasion test. 

A brief study to determine the effect of the number 
of revolutions in the determination of the French coeffi- 
cient of wear. 

An investigation of the various proposed methods for 
making quantitative analysis of the quantity of shale 
in gravel. Flotation in heavy liquids and separation 
by handpicking was tried. 

An investigation of the various adaptations of the 
Deval test and others with the Deval machine. 

Investigations of the abrasion tests of sand to deter- 
mine the suitability of these tests for fine aggregates. 

An investigation to devise a test for cement which 
will give consistent results in a shorter period of time 
than that required by the standard tests now in use. 
Standard briquets and 2 by 4 inch standard specimens 
were used. 

An investigation to determine the adequacy of the 
standard Deval abrasion test for establishing the suita- 
bility of the mortar portion of the various concrete 
mixes used in highway work. 

An investigation to devise laboratory tests which 
will consistently and accurately determine the charac- 


- teristics which govern the behavior of a lubricating oil 


under known conditions of service. The work has 


testing lubricating oils and a series of these tests was 
made upon a large number of commercial oils. 

An investigation to devise a method of testing rotten 
stone, which, when used by different operators, will 
consistently differentiate this undesirable material. 


Massachusetts Institute of Technology.—A study to deter- 


mine the effect of slotted cylinders of the Deval ma- 
chine. 


Preparation and treatment— 
Iowa State Highway Commission.—A study to determine 


the causes of and methods for controlling the hair 
cracks in concrete-pavement slabs. Small slabs were 
built upon various types of subgrade soil. Itach soil 
was subjected to a similar set of conditions. 

An investigation to determine the effect of varying 
sand ratio, varying consistency, and varying curing 
period upon the modulus of elasticity of concrete. 


Wisconsin Highway Commission.—A study to determine 


the best method for the surface treatment of gravel 
roads from which has been developed the Wisconsin 
special-mix method which has been used in this State 
during the past three seasons. 


Proportioning— 
Illinois Division of Public Works and Buildings.—A 


study to determine the bulking effect of materials of 
different gradations by means of the Illinois bulkmeter. 


Iowa State Highway Commission.—A study to deter- 


mine the specific gravity of sand and gravel from a large 
number of deposits for use in the weight method of 
proportioning. 

A study of the various methods for determining the 
cement content and the proportions of aggregate in 
cured concrete. Mechanical separation, chemical anal- 
ysis and microscopic observation and measurement 
were used on prepared specimens wherein all the con- 
stituents were accurately known. 

An investigation to determine the effect of the curing 
of the coarse aggregate upon the strength of concrete 
made in different proportions. Specimens consisted 
of 6 by 12 inch cylinders for the compression tests and 
4 by 8 by 30 inch and 8 by 8 by 30 inch beams for the 
transverse tests. Workability of the plastic mix and 
shrinkage of the curing concrete were given special 
observation. 


North Carolina State Highway Commission.—A study to 


determine the accuracy of proportioning fine aggregate 
by inundation. Several miles of concrete pavement 
were constructed with fine aggregates proportioned by 
loose volumetric measurements. Adjacent to this 
several miles of concrete pavement were built in which 
the same materials were proportioned by the so-called 
inundation method. Points observed are the effect 
on the cement, constant plasticity and workability of 
the concrete, and strength of the concrete as determined 
by cores taken from the completed pavement and 
broken in a standard testing machine. 


University of Tennessee.—It is hoped that opportunity 


will be afforded to make during the next two years a 
study of fine dust as asphalt-pavement filler. It is 
hoped that the project will be under way by January 
of next year. 


2. Mixing— 
Efficiency of mixer— 
Iowa State Highway Commission.—An investigation to 


determine the effect of the vibrolithic process as 
applied to the finishing of concrete-pavement slabs. 
Ten slabs, each 7 feet wide, 8 inches deep, and 75 
feet long were constructed using five different pro- 
portions and 2 slabs for each proportion, 1 of plain 
and 1 of vibrolithic concrete. ‘The slabs were divided 
into 750 beams 12 inches wide, 8 inches deep and 7 
feet long. Transverse tests were made on the beams 
and compression tests on the cores drilled from the 
beams. 


3. Placing— 
California Highway Commission.—A field study is now 


being made to determine the relative efficiency of 
various periods of water curing. Sections of pavement 
were cured with earth covering kept wet for varying 
periods. Cores are being drilled at various ages. The 
last of these cores will be drilled in June 1926, at an 
age of 1 year. 
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3. Placing—Continued. 

North Carolina State Highway Commission.—A study of 
the methods of curing concrete pavements by moist 
earth and ponding, by calcium chloride sprinkled on 
the surface of the pavement and by calcium chloride 
(or Cal) used as an admixture. The points to be noted 
are the results of the core breaks, the visual inspection 
of the finished pavement surface and the character 
of concrete during construction. 

A study to determine the necessity for joints in 
concrete pavements. A 10-mile plain concrete project 
will be built, 5 miles of which will be constructed with- 
out expansion joints and 5 miles with expansion joints. 
As an alternative to this method of construction, 
alternate sections 1-mile long may be built with and 
without joints. It is not known when this investiga- 
tion will be begun. 

4. Methods of testing roads— 

Cores— 

Minnesota Highway Department.—An investigation to 
determine the effect of capping concrete cores on the 
compressive strength of concrete, and also to determine 
what correction factors, if any, should be used for 
cores of various types. 

Drainage (and drainage structures)— 

1) Bureau of Public Roads.—In order to measure 
experimentally the distribution and intensity of abut- 
ment reaction in skew arches, a series of tests has been 
conducted on concrete arches, one-fourth actual size, 
constructed on 30°, 45°, and 60° skews. The arches 
were tested under a uniform load applied through 42 
symmetrically placed loading points on the arch ring. 
Abutment reactions were measured by means of the 
soil pressure cells developed by the bureau, which were 
so placed as to take both the vertical and horizontal 
reactions at one end of the arch. 

California Highway Commission.—A more or less elab- 
orate study of corrugated-iron culverts is to be made 
during the latter part of this year with a view of 
determining, if possible, the relative durability of pure 
iron and of covered steel pipe. 

Iowa State Highway Commission.—An investigation to 
determine the laws governing the behavior of steel 
rollers of varying temperature under loading when in 
compression. The preliminary work was done on 
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rollers up to 48 inches in diameter. The project is now 
being carried on by the Engineering Experiment 
Station of the Iowa State College at Ames, Iowa. 

A study of the factors affecting the design of concrete 
culvert pipe has been made in cooperation with the 
Engineering Experiment Station of the Iowa State 
College at Ames, Iowa. The station is now carrying 
on this work. 

Maine State Highway Commission.—An investigation is 
being made of all classes of culvert installation. The 
study for the most part is being confined to culverts 
which have been installed at least seven or eight years 
or longer. The work will cover all sections of the State. 

South Carolina State Highway Department.—The effect 
of sea water on reinforced concrete and vitrified-clay 
culvert pipe. The specimens are placed between high 
and low tide in the sea water at Charleston, 8S. C., and 
observations are made of the effect on the materials. 

Tennessee Department of Highways.—A field study of the 
condition of several types of pipe culverts and also 
small concrete box culverts and stone culverts. 

University of North Carolina.—A study to determine the 
vertical earth pressures on culvert pipes with varying 
heights of fill up to 20 feet. The completed tests will 
include both sand and clay as a filling material. Be- 
ginning in the summer of 1925 the tests will be con- 
tinued using pipe of various sizes and kinds. In 1926 
it is hoped to determine the radial pressure as well as 
the vertical pressure of the soil on the culvert pipe. 

University of Pittsburgh.—Tests have been made on 
various sizes of concrete-culvert pipe to determine their 
strength. ‘The pipes were tested to destruction and 
the work was done in cooperation with the Concrete 
Products Co. 

8. Reinforcing, handling, and placing— 

Tlinois Division of Highways.—An investigation is being 
made as to the properties of rail steel and its reaction 
under impact when such steel is used for concrete- 
pavement reinforcement. 

Iowa State Highway Commission.—A study of the behavior 
of reinforcing steelin concretepavements. Special atten- 
tion was directed to bond stress and the behavior of steel 
at cracks in the pavement. Preliminary work has been 
done on the testing of steel of different grades of hardness. 
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for 16 to 24 hours and then with earth kept wet for 
7 days may safely be opened to traffic in 14 days. 

3. Curing with a surface application of flake calcium 
chloride, 244 pounds per square yard, gave strength 
ratios of from 88 per cent at 7 days to 83 per cent at 90 
days; with less than this amount and with 3 and 5 
pounds there was a slight reduction in strength. 

When the calcium chloride was washed off after 3 
hours, the strengths were reduced perceptibly; wash- 
ing off calcium chloride after one day gave essentially 
the same strengths as when left on the surface. 

Surface hardness for calcium chloride cured beams 
was considerably less than for beams cured with wet 
earth or with asphaltic paper. 

4. For beams molded and cured in concrete forms 
using calcium chloride, 214 pounds per square yard, the 
strength ratios ranged from 100 per cent at 14 days to 
89 per cent at 90 days. The strengths in this case were 
about 12 per cent higher than for beams molded in 
wood forms and cured with a similar amount of calcium 
chloride. 

5. Asphaltic paper curing gave average strength 
ratios ranging from 92 per cent at 7 days to 78 per cent 
at 90 days; surface hardness was almost as high as for 
wet-earth curing. 

6. Both air curing and sodium-silicate curing showed 
low strength and surface hardness. The strength 
ratios for these methods of curing ranged from about 
77 per centeat 7 days to 74 per cent at 90 days. 


O 





7. Indentation loads used in measuring surface hard- 
ness averaged 21 times the modulus of rupture; the 
grea surface hardness was found for concrete of 

ighest flexural strength. This method of test showed 
that calcium chloride, sodium silicate, and air curing 
produced a more friable surface than wet earth or 
paper curing. 


EARTH AND GRAVEL ROAD BIBLIOGRAPHY PREPARED 


On account of the great interest in secondary highways 
the Engineering Societies Library has prepared a bibli- 
ography of books and articles on earth and gravel roads, 
published between January, 1920, and June, 1925. 

The list, designated as 5S. 4085, contains 140 refer- 
ences with brief annotations. Mimeographed copies 
may be obtained for $1.50 each by writing to the 
Kngineering Societies Library, 29 West Thirty-ninth 
Street, New York City. 


HIGHWAY LANTERN SLIDES AVAILABLE 


The Bureau of Public Roads has recently placed in 
its district offices at Portland, Oreg., San Francisco, 
Calif., Ogden, Utah, and Denver, Colo., sets of lantern 
slides illustrating the methods of constructing the prin- 
cipal types of roads. The slides are in six sets and are 
intended for use in engineering schools and colleges. 
Complete information with regard to the slides and 
how to obtain them can be secured from the Washing- 
ton office or the above district offices of the bureau. 





ROAD PUBLICATIONS OF BUREAU OF PUBLIC ROADS 


Applicants are urgently requested to ask only for those publications in which they are 
particularly interested. The Department can not undertake to supply complete sets 
nor to send free more than one copy of any publication to any one person. The editions 
of some of the publications are necessarily limited, and when the Department’s free supply 
is erhausted and no funds are available for procuring additional copies, applicants are 
referred to the Superintendent of Documents, Government Printing Office, this city, who 
has them for sale at a nominal price, under the law of January 12, 1895. Those publica- 
tions in this list, the Department supply of which is exhausted, can only be secured by 
ein ees the Superintendent of Documents, who is not authorized to furnish pub- 
lications free, 


ANNUAL REPORT 
the Chief of the Bureau of Public Roads, 1924. 
DEPARTMENT BULLETINS 


Report of 


No. 105. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1913. 
*136. Highway Bonds. 20c. 
220. Road Models. 
257. Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 
*314. Methods for the Examination of Bituminous Road 
Materials. 10c. 
*347. Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10c. 
*370. The Results of Physical Tests of Road-Building Rock. 
15c. 
386. Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 
387. Public Road Mileage and Revenues in the Southern 
States, 1914. 
388. Public Road Mileage and Revenues in the New 
England States, 1914. 
390. Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 
407. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 
*463. Earth, Sand-Clay, and Gravel Roads. 15c. 
*532. The Expansion and Contraction of Concrete and 
Concrete Roads. 10e. 
*537. The Results of Physical Tests of Road-Building Rock 
in 1916, Including all Compression Tests. 5c. 
F583. Report on Experimental Convict Road Camp, Fulton 
County, Ga. 25c. 
*586. Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1916. 10c. 
*660. Highway Cost Keeping. 10c. 
670. The Results of Physical Tests of Road-Building Rock 
in 1916 and 1917. 5c. 
*691. Typical Specifications for Bituminous Road Mate- 
rials. 10¢e. 
*704. Typical Specifications for Nonbituminous Road 
Materials. 
*724. Drainage Methods and Foundations for County 
Roads. 20c. 
*1077. Portland Cement Concrete Roads.  15c. 
*1132. The Results of Physical Tests of Road-Building Rock 


from 1916 to 1921, Inclusive. 10c. 





ia Department supply exhausted. 


No. 1216. Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use in 
connection with Federal-aid road construction. 

1259. Standard Specifications for Steel Highway Bridges, 
adopted by the American Association of State High- 
way Officials and approved by the Secretary of 
Agriculture for use in connection with Federal-aid 
road work. 

1279. Rural Highway Mileage, Income and Expenditures, 
1921 and 1922. 


DEPARTMENT pce oe 
. 94. TNT as a Blasting Explosive. 


FARMERS’ BULLETIN 


. *838. Macadam Roads. 5c. 
*505. Benefits of Improved Roads.  5e. 


SEPARATE REPRINTS FROM THE YEARBOOK 


. *727. Design of Public Roads. 5c. 
*739. Federal Aid to Highways, 1917. ic. 
*849. Roads. 5c. 


OFFICE OF PUBLIC ROADS BULLETIN 


. *45, Data for Use in Designing Culverts and Short-span 
Bridges. (19138.) 15c. 


OFFICE OF THE SECRETARY CIRCULARS 


No. 49. Motor Vehicle Registrations and Revenues, 1914. 
59, Automobile Registrations, Licenses, and Revenues in 
the United States, 1915. 
63. State Highway Mileage and Expenditures to January 
1, 1916. 
. Width of Wagon Tires Recommended for Loads of 
Varying Magnitude on Earth and Gravel Roads. 5c. 
73. Automobile Registrations, Licenses, and Revenues in 
the United States, 1916. 
. Rules and Regulations of the Secretary of Agriculture 
for Carrying out the Federal Highway Act and 
Amendments Thereto. 


FROM THE JOURNAL OF AGRICULTURAL 
RESEARCH 


REPRINTS 


Vol. 5, No. 17, D-2. Effect of Controllable Variables Upon 
the Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 20, D-4. Apparatus for Measuring the Wear of 
Concrete Roads. 

Vol. 5, No. 24, D-6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 10, No. 7, D—-13. Toughness of Bituminous Aggregates. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 


erete Slab Subjected to Eecentric Con- 
centrated Loads. 
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